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The lack of long-term monitoring data for many wildlife populations is a limiting factor in establishing meaningful and achievable conservation goals. Even for well-monitored species, time series are often very short relative to the timescales required to understand a population’s baseline conditions before the contemporary period of increased human impacts. To fill in this critical information gap, techniques have been developed to use sedimentary archives to provide insights into long-term population dynamics over timescales of decades to millennia. Lake and pond sediments receiving animal inputs (e.g., feces, feathers) typically preserve a record of ecological and environmental information that reflects past changes in population size and dynamics. With a focus on bird-related studies, we review the development and use of several paleolimnological proxies to reconstruct past colony sizes, including trace metals, isotopes, lipid biomolecules, diatoms, pollen and non-pollen palynomorphs, invertebrate sub-fossils, pigments, and others. We summarize how animal-influenced sediments, cored from around the world, have been successfully used in addressing some of the most challenging questions in conservation biology, namely: How dynamic are populations on long-term timescales? How may populations respond to climate change? How have populations responded to human intrusion? Finally, we conclude with an assessment of the current state of the field, challenges to overcome, and future potential for research.
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INTRODUCTION

Traditionally, wildlife monitoring programs require continuous and sustained investment, and are thus costly, labor-intensive, and potentially distressing for the organism (Witmer, 2005). Furthermore, although modern monitoring methods provide estimates or indices of contemporary population size, most are relatively recent in implementation and thus provide limited insights into population trends that naturally change over many generations and varying ecological conditions. As a result, resources are typically allocated to populations that are currently of interest or concern, and thus most management programs are responsive to population changes as opposed to predictive of population change. This unfortunate lack of long-term data is well established. For example, Bonebrake et al. (2010) demonstrated that only 15% of studies examining population declines used data that were older than 100 years and that only 42% used monitoring data collected annually. In the same vein, several reviews have reiterated the importance of long-term perspectives to effectively address various environmental issues and to formulate effective decision-making in conservation biology (Willis and Birks, 2006; Froyd and Willis, 2008; Lotze and Worm, 2009; Dietl and Flessa, 2011; Seddon et al., 2014; Dietl et al., 2015).

As with most wildlife, many bird populations around the world are in decline (e.g., Şekercioǧlu et al., 2004; Inger et al., 2014; Paleczny et al., 2015; Beresford et al., 2019). Since 1970, there has been a staggering net loss of nearly three billion birds in North America (Rosenberg et al., 2019), and this estimate does not incorporate the known declines in seabird populations (Paleczny et al., 2015). Compounding this growing conservation issue is the reality that, for the majority of species, there is a lack of adequate long-term monitoring data to effectively consider baseline population size or natural variability when establishing management strategies and targets. As a result, it is very challenging to disentangle whether a species is declining as a result of anthropogenic activities and thus requires human intervention and/or whether the population is within the range of long-term natural variability and thus requires a different approach to maintain natural dynamics.

In response to the dearth of long-term monitoring data, a variety of methods have been developed to identify long-term trends in bird populations and diet, termed “paleornithology” (reviewed in Wood and De Pietri, 2015). To identify the demographic history on an evolutionary time scale (i.e., >10,000 years), ancient DNA (or aDNA) has been used. For example, genetic methods have been successfully employed to identify the population trends of the extinct passenger pigeon (Ectopistes migratorius) (Hung et al., 2014), the population recovery of the crested ibis (Nipponia nippon) (Feng et al., 2019), and population trends in Adélie penguins (Pygoscelis adeliae) and emperor penguins (Aptenodytes forsteri) in response to climate changes (Li et al., 2014). However, aDNA is less effective for more recent population trends (i.e., <10,000 years) because insufficient time has elapsed for the accumulation of evidence of evolutionary change. In the critical period from the present until ∼10,000 years BP (before present, where 0 is 1950 CE), we argue that paleolimnology, or the study of lake and pond sediments as historical archives, can be a highly effective approach to access long-term population demographics. In this review, we provide an accessible summary of current developments and future directions on how paleoecological approaches can be useful to reconstruct long-term animal trends, with a focus on avian colonies. We provide an overview of the paleolimnological approach and its methodologies, geared toward researchers who are unfamiliar with these techniques. Also, we present a variety of case studies that address critical questions that are broadly important in modern conservation biology. Ultimately, we believe that combining paleoecological techniques with modern wildlife monitoring approaches will provide new perspectives to address pressing conservation questions, help identify drivers of population declines, understand natural population dynamics, and provide a better understanding of how populations have changed in the past to establish predictions of future population trends.


What Is Paleolimnology?

Paleolimnology is the study of the physical, chemical, and biological information stored in lake and river sediments (Smol, 2008). Sediments provide archives of various indicators of environmental change within a given body of water, from the surrounding catchment, and from atmospheric deposition. As such, lake sediments can provide long-term perspectives that predate historical records, and thus can be used to help place recent monitoring data into an ecologically relevant temporal context.

The use of paleolimnology to reconstruct past population dynamics is built on the well-established role of certain animals as effective biological vectors of nutrients and other products that are capable of modifying their environment (e.g., Blais et al., 2007). These biological vectors, typically shortened to “biovectors,” can have various influences on the environment, broadly classified as trophic level effects and transport effects (Bauer and Hoye, 2014). Trophic level effects occur when large groups of organisms alter the food web through changing the availability of a resource, such as desert locusts (Schistocerca gregaria) consuming and devastating crops (Sánchez-Zapata et al., 2007) or zebra mussels (Dreissena polymorpha) selectively filtering desirable algae from the water, resulting in blooms of undesirable and toxic Microcystis (Vanderploeg et al., 2001). Transport effects are changes in an ecosystem resulting from the collection, concentration, and transportation of large amounts of nutrients, plant propagules, and parasites from one location to another. For example, anadromous fishes and colonial seabirds transport and concentrate nutrients, metals, and contaminants from their aquatic feeding grounds to their terrestrial breeding territories (e.g., Evenset et al., 2007a, b; Michelutti et al., 2009; Holtgrieve and Schindler, 2011). Because of the vast influences of biovectors on the environment, many are considered “ecosystem engineers,” or organisms that biotically or abiotically change the availability of resources for other species (Jones et al., 1994).

Many of the ecosystem changes linked to biovectors are preserved in nearby bodies of water and can be reconstructed to understand changes in past biovector abundance (Figure 1). Briefly, a site that receives substantial waste products (either washed or blown in or from direct inputs) to a body of water is selected. Lacustrine environments (i.e., standing water) are preferred, as the sediments tend to accumulate chronologically with minimal mixing, in contrast to those in fluvial environments (i.e., running water) (Smol, 2008). There is also a limited but growing body of literature using similar paleolimnological approaches on peat (Outridge et al., 2016; Davidson et al., 2018; Groff et al., 2020), directly from nests (Burnham et al., 2009), and on guano deposits themselves (Nocera et al., 2012; Gallant et al., 2020, 2021). Next, the sample is collected using a sediment corer, which, in its simplest form, is a tube inserted into the sediment to retrieve an undisturbed vertical profile of sediment [see Glew et al. (2001) for a detailed overview]. The sediment core is then sectioned into discrete intervals and dated using a variety of physical [e.g., laminated sediment layers (varves) or volcanic ash layers (tephra)] and radioisotopic (e.g., 210Pb, 137Cs, 14C) techniques [see Appleby (2001) and Björck and Wohlfarth (2001) for detailed overviews]. Finally, sediments are analyzed for a variety of proxies that directly (e.g., geochemistry, δ15N, lipid biomolecules) and indirectly (e.g., diatoms, invertebrate sub-fossils, pollen and non-pollen palynomorphs) track the presence and influences of the biovectors (Figure 2). Typically, multiple proxies are used for a “weight-of-evidence” approach (Smol, 2008) because increasing the number of corroborative proxies strengthens the accuracy of the reconstruction and minimizes the confounding impacts of extraneous influences.
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FIGURE 1. A schematic showing how biovectors can influence inland bodies of water and how sediments can be used to reconstruct past colony dynamics. (A) Biovectors, in this case storm-petrels, typically occupy a high-trophic level and are gregarious on land. When feeding in the open ocean, they collect and concentrate marine nutrients (i.e., N, P) and other products, including stable isotopes (e.g., δ15N), bio-elements (e.g., Cd, Zn, Hg), and contaminants. (B) Biovectors transport these nutrients and other products from their feeding grounds to terrestrial breeding colonies. (C) The nutrients and other products are deposited in high concentrations onto the landscape via wastes in the forms of feces, dropped or regurgitated food, eggshells, feathers, and carcasses. (D) In the presence of a receiving body of water, such as a lake or pond, the waste products alter the water chemistry and, subsequently, the biotic assemblages, which are then archived in a waterbody’s sediments, thus creating a continuous long-term record of changes in the colony size. By retrieving a dated sediment core from the biovector-influenced pond and analyzing it for paleolimnological proxies, it is possible to reconstruct changes in past colony size.
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FIGURE 2. A visual representation of the main paleolimnological proxies discussed in this review that can be used to reconstruct past biovector numbers. Increases and decreases in colony size, and thus the amount of biovector waste inputs, can result in changes in the relative abundance and prevalence of the proxies, including (A) bio-elements; (B) stable isotope ratios; (C) lipid biomolecules; (D) diatoms; (E) invertebrate sub-fossils; (F) terrestrial pollen and non-pollen palynomorphs; and (G) pigments.


Some of the earliest paleolimnological reconstructions of biovectors linked changes in sediment geochemistry to avian inputs to make inferences about past Adélie penguin rookery size (Zale, 1994). The technique was then expanded across the Antarctic in a series of studies aimed at understanding the long-term population changes in response to past climate (e.g., Sun et al., 2000, 2004; Huang et al., 2009a). In the Northern Hemisphere, similar reconstructions conducted on Pacific sockeye salmon (Oncorhynchus nerka) identified striking fluctuations in numbers that were correlated to climate change and other environmental stressors (Finney et al., 2000, 2002; Gregory-Eaves et al., 2003; Selbie et al., 2007). Afterward, work from Cape Vera (Devon Island, Nunavut) in the Canadian High Arctic successfully expanded the field by demonstrating the utility of a variety of proxies that could be successfully used to reconstruct seabird numbers with sediments, including contaminants, stable isotopes (e.g., δ15N), invertebrate sub-fossils, and lipid biomolecules (Blais et al., 2007; Evenset et al., 2007a, b; Michelutti et al., 2009, 2011; Cheng et al., 2016, 2021). Since these studies, the use of sedimentary archives in biovector work has rapidly expanded to other organisms (e.g., Navarro et al., 2017; Gallant et al., 2020) and spatially to other regions (Supplementary Table 1).

Although a variety of animal groups can be tracked using sediment archives (e.g., butterflies and moths, fish, birds, bats), the focus of this review will be on aquatic birds, a globally widespread biovector with behaviors that are conducive to paleolimnological studies. Aquatic birds, especially seabirds, are an ideal study group for population reconstructions as 95% of seabirds are colonial (Danchin and Wagner, 1997), thus forming large congregations that concentrate their waste products (Otero et al., 2018), which can be archived in lakes. Seabirds are also highly visible sentinel species of marine ecosystem functioning, and therefore changes in observed seabird numbers may provide useful information about unobserved components of the marine environment (e.g., Parsons et al., 2008; Hazen et al., 2019; Velarde et al., 2019). As a result, the well-documented, global decline in seabird numbers highlights the pressing need for information that can lead to effective conservation and management. In Figure 2, we depict some of the key paleolimnological proxies that will be discussed in this review.




PALEOLIMNOLOGICAL PROXIES USED FOR POPULATION RECONSTRUCTIONS


Bio-Elements

One of the most useful paleolimnological proxies for reconstructing bird colony size is sedimentary elements that are primarily of biogenic origins. As seabirds typically occupy upper trophic positions of the food web, they may carry high amounts of elements as a result of the concentrating effects of bioaccumulation and biomagnification (Mallory and Braune, 2012). Importantly, the cocktail of elements and their concentrations vary depending on a variety of factors, including age, species, location of feeding grounds, and, especially, diet and trophic position (Honda et al., 1990; Lock et al., 1992; Michelutti et al., 2010b). Based on these factors, various seabird species may introduce differing combinations of elements (often termed “bio-elements”) to their breeding grounds that can be used to track changes in colony size with sediment records. This technique assumes that the diet and trophic position of the tracked species remains consistent and that the elements excreted by the study species remain similar throughout the record.

Elements accumulated in a bird’s body can be released to the local environment via feces, dropped or regurgitated food and stomach oils, as well as eggshells, feathers, and carcasses of deceased adults or young (Liu et al., 2006a; De La Peña-Lastra, 2021). These products then ultimately drain into a nearby body of water, where they can be tracked in dated lake sediments. As such, changes in the concentrations of trace metals linked to avian deposition can inform changes in the colony size.

Element concentrations, however, do not have a one-to-one relationship with colony size, and a variety of factors must be considered when making inferences about numbers. For example, it is important to consider natural geological sources of metals in the sediments such as the soils of the catchment, hydrology, and sedimentation conditions, as well as potential post-depositional factors that may confound interpretations (Boës et al., 2011). Therefore, normalization is often used to distinguish which portion of the measured sedimentary metal load is most likely derived from the seabirds. A two-tiered approach is recommended. First, sieving is suggested to minimize the influences of grain size. Next, elements-of-interest should be normalized against a conservative lithogenic element (i.e., one that is geochemically stable and therefore changes in its concentration would reflect post-depositional processes, such as erosion) (Kersten and Smedes, 2002). Normalization simply entails dividing the element of interest by a conservative lithogenic element. Effective elements for normalization include aluminum (Al), lithium (Li), rubidium (Rb), titanium (Ti), and zirconium (Zr) (Loring, 1991; Boës et al., 2011), with Al and Ti the most used in paleolimnological studies (Roberts et al., 2017; Gao et al., 2018c; Duda et al., 2020a, c).

Once normalized, it is important to distinguish which elements are representative of seabird inputs and which are from the catchment. This can be done with R-cluster analysis (Huang et al., 2009a), biogenic enrichment factors (Brimble et al., 2009), or an index of geoaccumulation (Müller, 1979; Förstner et al., 1993). R-cluster analysis (sometimes called R mode cluster analysis”) is a statistical technique used to partition and identify similar groups of elements and infer their origin. With an understanding of the elements introduced by the species of interest, it is possible to identify a group of elements of the same origin. As demonstrated in Figure 3, Liu et al. (2005) examined 24 elements from a sediment core collected in Ardley Island in the Antarctic that was influenced by a major colony of gentoo penguins (Pygoscelis papua), Adélie penguins, and chinstrap penguins (Pygoscelis antarctica). Using R-cluster analysis, followed by a Pearson correlation, the authors identified phosphorus (P), copper (Cu), strontium (Sr), zinc (Zn), selenium (Se), calcium (Ca), fluorine (F), and sulfur (S) as bio-elements with the same origins that were highly correlated to one another (Figure 3). By comparing this grouping to previously published chemical analyses of penguin droppings, the authors confirmed that the group of bio-elements is representative of the species of interest, and so could be used to understand changes in penguin numbers back in time. R-cluster analysis, which has been used worldwide, is often considered the most effective tool to identify ornithogenic elements if a nearby reference site (i.e., a nearby lake without avian inputs) is not available to distinguish the natural, background element concentrations (Zale, 1994; Sun et al., 2000, 2004; Liu et al., 2005, 2006c; Huang et al., 2009a, 2011; Xu et al., 2011, 2016, 2019, 2020; Roberts et al., 2017).
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FIGURE 3. A workflow diagram illustrating how one may evaluate which elements are likely related to a biovector using R-cluster analysis. This example uses data from Liu et al. (2005) where authors determined that S, P2O5, F, Zn, Se, Sr, CaO, and Cu were related to penguin inputs. (A) R-cluster analysis creates a dendrogram of all measured elements. Major groups are determined based on their linkage distance and compared to known fecal data from the bird-of-interest to determine which grouping represents bio-elements. (B) A Pearson correlation is used to corroborate that the elements are of similar origins. (C) The resulting grouping of elements are positively correlated and represent input from the bird-of-interest.


In situations with geochemical measurements from a reference site and a biovector fecal sample, it is possible to use biogenic enrichment factors (B) to more specifically identify the elements introduced by the target species (Brimble et al., 2009). B is calculated as the ratio of the concentration of an element in the feces to the concentration of the same element in the surface sediment of a reference site. Thus, any B value greater than one indicates that the concentration in feces is higher than in the reference conditions, and therefore the element concentration in the sediment is likely to be of ornithogenic origin, specific to the focal species. This technique provides more specific markers of avian inputs compared to R-cluster analysis, but it is less commonly used given that fecal samples are also needed. Biogenic enrichment factors have been useful in the Canadian High Arctic to track changes in northern fulmar (Fulmarus glacialis), where Brimble et al. (2009) identified arsenic (As), cadmium (Cd), potassium (K), P, and Zn as primarily fulmar-derived elements. Similar approaches were used on islands in the Northwest Atlantic Ocean to link Cd and Zn to inputs from Leach’s storm-petrel (Hydrobates leucorhous) (Duda et al., 2020a, c).

The final method to identify the bio-elements introduced by a seabird is with an index of geoaccumulation (Igeo, sometimes “geoaccumulation index”). This method is similar to biogenic enrichment factors, although it uses bird-influenced sediments instead of feces to compare with reference conditions (Müller, 1979; Förstner et al., 1993). The equation for Igeo for each element of interest is given as
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where Cn is the element concentration in the biovector influenced sediment, Bn is the element concentration in local bedrock, and 1.5 is a factor to correct for possible variations in lithology. The result is then compared to a table to infer the level of contamination of the element by the seabirds (Table 1). Using Igeo, inputs from emperor penguins were linked to the enrichment of mercury (Hg), total phosphorus, Zn, Se, and Cd (Huang et al., 2014, 2016).


TABLE 1. Contamination categories based on the index of geoaccumulation (Igeo), modified from Förstner et al. (1993).

[image: Table 1]
An important consideration when selecting the elements to track changes in avian populations is the potential interactions of the element with sediment composition and limnological conditions. For example, although P is highly elevated in most avian guano, it is also affected by desorption and resorption reactions in sediment (Koski-Vähälä et al., 2001) and can be highly mobile in anoxic sediments (Ginn et al., 2012). These events are triggered by the release of P bound to iron (Fe)- and Al-rich sediments, which can occur during periods of elevated pH, increased silicon, and anaerobic conditions (Koski-Vähälä et al., 2001). This P release, when not accounted for, can result in erroneous interpretations of the seabird colony size. Other elements, such as As and Zn, may also become labile in sediments in response to changes in pH, salinity, temperature, organic matter, and, in particular, redox conditions (Couture et al., 2010; Wang et al., 2015; Kouassi et al., 2019). Although bio-elements can provide an effective proxy for avian inputs, it is important to always consider any potential post-depositional effects when interpreting the results.



Isotope Ratios

Stable isotope analysis has a long history of use in paleolimnological reconstructions (Leng, 2006). The use of stable isotopes is predicated on the observation that the ratio of the heavier and lighter isotopes changes based on their source. In paleolimnological studies, the most common stable isotopes investigated are nitrogen (N) and carbon (C). Their isotopic ratios (R), 15N/14N and 13C/12C, respectively, are typically expressed as delta (δ) notation against an established standard as below.
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The number is then multiplied by 1,000 to be expressed as “per mille (‰).” The standard notation for N and C is, therefore, δ15N and δ13C.

δ15N values in sediments influenced by biovectors are enriched relative to reference conditions (i.e., atmospheric δ15N) because the heavier 15N isotope is retained in tissues by organisms during amino acid decomposition, whereas the lighter 14N isotope, because of its weaker bond with adjacent atoms, is preferentially excreted during transamination and deamination reactions (Adams and Sterner, 2000). This results in stepwise enrichment up the food web, averaging an increase of ∼3.4‰ per trophic level (Minagawa and Wada, 1984). In paleolimnology, the enriched δ15N is deposited onto the landscape by a nearby bird colony or roost and is archived in sediments via avian guano carcasses, feathers, and eggshells. Therefore, a higher δ15N value in sediments typically relates to greater bird numbers until a plateau is reached equal to the δ15N value of the refuse (Duda et al., 2020a), with minor changes from environmental factors such as ammonification, remineralization, nitrification, and denitrification (e.g., Cifuentes et al., 1989; Savage et al., 2004; Torres et al., 2012). Since δ15N is linked to the trophic status of the biovectors, the relative increase compared to background conditions is higher in upper-trophic-level organisms than in lower-trophic-level organisms (Michelutti et al., 2010b).

Changes in sedimentary δ15N values have been used to successfully track bird colony sizes in Arctic (Michelutti et al., 2009; Yuan et al., 2010; Keatley et al., 2011; MacDonald et al., 2015; Davidson et al., 2018; Hargan et al., 2019; Ribeiro et al., 2021), Antarctic (Huang et al., 2014, 2016; Gao et al., 2018c; Yang et al., 2018), temperate (Stewart et al., 2015, 2019; Hargan et al., 2018; Duda et al., 2020a, c), and tropical (Conroy et al., 2015; Wu et al., 2017a, 2018) systems. Although this method is effective, Nie et al. (2014b) suggested an improvement on δ15N as Δ15N, which is calculated as the difference between acid-treated and untreated δ15N. The authors highlight that Δ15N can track ornithogenic signals more effectively than δ15N in cold and arid environments that are subject to strong post-depositional processes such as guano deposition and ammonia-volatilization.

Although an indirect measure of avian inputs, changes in sediment δ13C values can also be used to track changes in seabird numbers. Instead of directly measuring inputs from guano, as is the case with δ15N, deviations in δ13C values may track changes in production linked with marine-derived changes in primary productivity. However, when considering recent changes in δ13C values, it is important to account for depleting atmospheric δ13C due to increased CO2 production from fossil fuel burning (known as the Suess Effect; Keeling, 1979). A common standardization method is to normalize to pre-1840 levels of δ13C, based on the methods presented in Schelske and Hodell (1995). Once normalized, δ13C can have both a positive and a negative relationship with changes in the bird numbers, and therefore a thorough understanding of the system and the use of supporting proxies is recommended. Typically, δ13C values are positively correlated to colony size (i.e., δ13C is enriched as colony size increases). This relationship principally reflects an increase in primary production and organic matter introduction resulting from guano fertilization (Sun et al., 2000; Yuan et al., 2010; Liu et al., 2013; Conroy et al., 2015; Davidson et al., 2018; Gao et al., 2018c; Cheng et al., 2021). However, in some cases, δ13C values can also have a negative relationship with colony size (i.e., δ13C is depleted as colony size increases). For example, Liu et al. (2006b) linked the increase in penguin colony size to δ13C depletion, which was a result of vegetation trampling by the penguins and toxification from their guano, leading to a diminishment of the overall vegetation. Similarly, Duda et al. (2020a) noted that burrowing Leach’s storm-petrels caused an accelerated rate of inorganic material delivery to the lake, which caused a depletion of δ13C as the colony increased in size.

Although less common, studies have also demonstrated the potential of HCl-soluble strontium isotopes to track seabird guano inputs, and therefore changes in long-term population size (as 87Sr/86Sr; Sun et al., 2005; Liu et al., 2007). Strontium isotopes are effective ornithological proxies that track the source of nutrients to an environment without transformation by biological or chemical processes (Miller et al., 1993). In penguin-influenced sediments from Antarctica, Sun et al. (2005) determined that the hydrochloric acid (HCL)-soluble 87Sr/86Sr reflected penguin guano ratios, whereas the HCl-insoluble 87Sr/86Sr reflected bedrock ratios. These results, supported by a follow-up study (Liu et al., 2007), suggest that using HCl-soluble 87Sr/86Sr can be used to track marine-derived nutrient enrichment from seabirds.



Lipid Biomolecules

Lipid biomolecules are water-insoluble fats produced by all biological life. Of particular interest in paleolimnological reconstructions are sterols and stanols. Sterols are natural, unsaturated steroid alcohols that represent an important group of compounds for the functioning and structure of biological membranes (Bretscher, 1973). Stanols are the reduction products of sterols by the process of hydrogenation, which is typically mediated by microbes in animal gastrointestinal tracts or in the environment (Reeves and Patton, 2001; Bull et al., 2002). Sterols and stanols are discharged in varying concentrations and combinations in the feces of animals (Leeming et al., 1996; Harrault et al., 2019) and are emerging as important proxies to directly track animal inputs to lake sediments over decadal- and century-scale periods (D’Anjou et al., 2012; Hargan et al., 2019; Schroeter et al., 2020; Cheng et al., 2021). In general, sterols and stanols are hydrophobic compounds with a high affinity for sorption onto organic matter and suspended particles, and therefore they typically become rapidly incorporated into sediments of aquatic ecosystems (Korosi et al., 2015). Once in the sediments, the degradation of fecal sterols is likely minimal (Bartlett, 1987; Benfenati et al., 1994), which makes them ideal for tracking changes in the abundance of seabirds over time.

Recent proof-of-concept studies have demonstrated that the ratio of cholesterol (cholest-5-en-3β-ol) to the sum of cholesterol and sitosterol (β-sitosterol), termed the “seabird index,” tracked significant enrichment in pond sediments closest to a nesting colony of northern fulmars in the High Arctic (Cheng et al., 2016, 2021). This ratio is used to control for cholesterol in the sediment that is introduced from higher plants and algae as opposed to having ornithogenic origins (Cheng et al., 2016). Furthermore, enrichment in a similar seabird index was observed in temperate ponds receiving fecal inputs from waterbirds with higher trophic positions (Hargan et al., 2018). Unlike in the Arctic and sub-Arctic locations, where transformations of sterols in the environment are largely limited by the cold temperatures and short growing seasons, sterols in temperate locations may undergo hydrogenation to stanols in the environment. Thus, Hargan et al. (2018) expanded the seabird index for tracking waterbird (i.e., double-crested cormorant (Phalacrocorax auritus) and ring-billed gull (Larus delawarensis)) populations from the sediments of shallow, temperate ponds, by including cholesterol and sitosterol and their microbially reduced products, 5α-cholestanol and stigmastanol, respectively. Overall, the use of these new seabird sterol indices has been validated through significant correlations with other traditional and independent seabird proxies (Cheng et al., 2016; Hargan et al., 2018; Yang et al., 2021). These studies indicate that both cholesterol concentrations and the “seabird sterol indices” can provide an indirect measure of seabird presence in sediment cores from lakes and ponds where seabird-derived enrichment is evident. These lipid proxies, especially when considered as part of a multi-proxy framework that also includes δ15N and biogenic elements, can be useful to infer avian population trends through time (Hargan et al., 2019; Duda et al., 2020b, c; Yang et al., 2021).



Diatoms

Bird colonies can dramatically alter the limnological conditions of receiving waterbodies (Otero et al., 2018). These limnological changes typically include increased concentrations of nutrients, metals, and dissolved organic carbon. Diatoms (Class: Bacillariophyceae) are microscopic, single-celled eukaryotic algae found in most wet habitats in the world. Changes in diatom assemblage composition are the most commonly used approach to track changes in water quality in paleolimnological assessments, as they are ideal indicators of ecosystem change (Smol and Stoermer, 2010) because their taxonomically identifiable siliceous cell walls are typically well-preserved in a broad spectrum of sediments (Battarbee et al., 2001). Importantly, diatom taxa have well-documented environmental optima and tolerances, which can be used to infer changes in nutrients, pH and other limnological variables potentially influenced by bird inputs.

Typically, with the introduction and/or growth of a seabird colony influence, the diatom assemblage inhabiting a body of water will shift from taxa indicative of low nutrients to those indicative of high nutrients (e.g., Brooks et al., 2012; Stewart et al., 2015, 2019). In other instances, depending on the species producing the seabird guano and conditions of the surrounding ecosystem, the diatoms can also reflect changes in pH (Duda et al., 2020a, c) or conductivity (Duda et al., 2019). Given their ubiquity, diatoms have been successfully used to draw inferences about historical seabird populations around the world (Michelutti et al., 2009; Keatley et al., 2011; Brooks et al., 2012; MacDonald et al., 2015; Stewart et al., 2015, 2019; Roberts et al., 2017; Wasiłowska et al., 2017; Luoto et al., 2019; Duda et al., 2020a, c).



Invertebrate Sub-Fossils

The most common invertebrate indicators used in paleolimnology are chironomids (Order: Diptera), Cladocera, and Ostracods (Class: Crustacea). The remains of other invertebrates and larger organisms, such as fish, are often not abundant in sediments and typically do not have enough direct ecological link to seabird inputs to act as effective paleolimnological proxies.

Chironomid larva are the most abundant insect remains in lake sediments (Hall and Herhardt, 2002). Paleolimnologists use the distinct chitinous mouthparts and head capsule characteristics to identify remains. As ecological indicators for biovector reconstructions, chironomid communities are predominantly used to infer changes in bottom-water oxygen, acidity, and metal concentrations (Walker, 2001). As a bird colony grows in size, several limnological changes that affect the assemblage composition of chironomid larvae may occur. For example, increased nutrients typically result in increased algal biomass (i.e., increased organic matter), which in turn may increase benthic respiration/decomposition, leading to lower deepwater oxygen concentrations or even anoxia. Chironomids can also be affected by changes in pH and metal concentrations introduced by seabird guano. Changes in chironomid subfossil assemblages have been used to infer long-term changes in different seabird populations (Michelutti et al., 2011; Luoto et al., 2019; Duda et al., 2020a, c; Lim et al., 2021), but often, in oligotrophic ecosystems, production is so low that head capsule remains are too few to adequately characterize assemblage composition (Quinlan and Smol, 2001). In such low productivity ecosystems, increases in head capsule concentration and diversity have been related to enhanced food availability from seabird nutrient introductions (Michelutti et al., 2009; Brooks et al., 2012; Luoto et al., 2014, 2015; Stewart et al., 2020).

Compared to chironomids, other invertebrate sub-fossils have been sparsely used to reconstruct changes in lake water characteristics linked to bird populations. Ostracod communities respond to changes in nutrient concentrations, but their identifying shells rarely preserve well in acidic conditions (Holmes, 2001). Similarly, cladoceran community structure can respond to habitat changes and lake trophic status. To date, however, higher abundances of Cladocera have mainly been linked to track increased food availability (i.e., higher productivity) resulting from avian nutrient enrichment (Griffiths et al., 2010; Luoto et al., 2014, 2015).



Terrestrial Pollen and Non-pollen palynomorphs

Avian nutrient inputs typically also have a significant influence on terrestrial ecosystems; however, the nature and magnitude of these influences can be highly variable depending on the quantity and quality of the inputs, as well as the receiving environment. In some environments, avian-derived nutrients enhance productivity, resulting in a more fertilized, productive, and diverse ecosystem (Anderson and Polis, 1999; Croll et al., 2005). Alternatively, too much nutrient deposition can result in reductions in vegetation and seed bank richness, as observed on some islands inhabited by double-crested cormorants (Boutin et al., 2011).

Regardless of the type of influence, changes to the terrestrial environment preserved in nearby lake sediments can be used to make inferences about the seabird population size. There are two methods to understand past changes in vegetation: palynology and macrofossil analysis. Palynology is the study of microscopic pollen and non-pollen palynomorphs (NPP, or microfossils on pollen slides that are not pollen, taxonomically belonging to a wide variety of fungi, animals, algae, and plants), while macrofossil analysis examines a variety of vegetative remains, such as seeds, twigs, and leaves. Generally, palynology is preferred over macrofossil analysis as pollen and NPP are much more abundant and taxonomically identifiable in sediments. However, macrofossils are occasionally used in paleolimnological studies to understand changes in local vegetation (reviewed in Birks, 2001).

Various paleolimnological studies have used palynology to make inferences about long-term changes in avian populations. For example, Conroy et al. (2015) used a combination of changes in δ15N and δ13C values with pollen concentrations in lakes from the Galápagos Islands to make inferences about marine productivity and long-term changes in seabird population size. The authors described a positive relationship between increasing red-footed booby (Sula sula) numbers and red mangrove (Rhizophora mangle), the dominant plant species in the study region. Conroy et al. (2015) found that the seabirds provided the nutrients needed for an increase in the mangrove abundance. The mangrove pollen, alongside δ15N and δ13C measurements, provided a more robust understanding of the booby colony trends.

There are also more direct palynological proxies of seabird inputs. Spores of Sporormiella, an obligate coprophilous fungus, have been used to track mammal populations over long periods (Davis, 1987). However, these fungal spores could also be used to show long-term changes in the population size of endemic avian populations (Wood et al., 2011). Fungal hyphae are another example of a palynological proxy for seabird presence, as hyphae are nearly exclusively terrestrial in origin and are not typically observed in aquatic environments. However, in a study examining the effects of Leach’s storm-petrel dynamics on the terrestrial environment, the authors linked the presence of fungal hyphae in the sediments to the presence of storm-petrels (Duda et al., 2020b). This relationship exists because storm-petrels are burrow-nesting seabirds that disturb soils and increase the availability of terrestrial components, which are then introduced into a body of water during runoff events.



Pigments

As birds introduce nutrients to an ecosystem, they typically also increase the overall primary production and alter the algal communities in any affected water column. However, unlike siliceous diatom valves and chrysophyte cysts, most soft-bodied algae do not preserve well in sediments. Therefore, a more complete picture of aquatic phototroph community composition can be inferred from directly measuring fossil pigments preserved in sediments (Leavitt and Hodgson, 2001) or using inferred pigment concentrations derived from visible and near-infrared spectroscopy (VNIRS). A commonly used pigment is chlorophyll-a, which is generally considered a robust indicator of whole-lake production (Michelutti et al., 2010a; Keatley et al., 2011; Chen et al., 2013; Stewart et al., 2015, 2019; Michelutti and Smol, 2016; Duda et al., 2020b, c). Other pigments related to diatoms (e.g., diatoxanthin) and cyanobacteria (e.g., echinenone, myxoxanthophyll) have also been linked to seabird enrichment in the Arctic (Keatley et al., 2011). Similarly, declines in the concentrations of aphanizophyll and canthaxanthin, pigments related to nitrogen-fixing cyanobacteria, have been correlated to a supplemented nitrogen supply related to burgeoning geese populations (MacDonald et al., 2015). In other cases, variations in the full range of reflectance as identified by VNIRS have been used to infer past seabird population sizes (Liu et al., 2011; Xu et al., 2012, 2019; Wu et al., 2017a, b, 2018).



Supporting and Novel Proxies

Numerous other proxies are generally not considered effective to reconstruct colony trends when used independently; however, when coupled with other proxies, they can provide compelling collaborative evidence for changing bird populations. For example, because bird inputs typically increase primary production and therefore the organic matter in the ecosystem, the loss-on-ignition (LOI, literally the amount of combustible material) has been used to identify changes in organic content of the sediments (Brooks et al., 2012; Luoto et al., 2014, 2015; MacDonald et al., 2015; Gao et al., 2018b; Yang et al., 2019). Similarly, magnetic susceptibility, or changes in the magnetism of sediments that are correlated to changes in particle size, can be associated with increased erosion caused by birds disturbing shorelines and catchments (Luoto et al., 2014, 2015; Nie et al., 2015). Finally, n-alkanoic acids (often as n-alkyls) are lipid biomarkers that originate from the tissues of organic matter. As the carbon chain length differs depending on the source (Chen et al., 2020a), it is possible to associate the known influences of a bird colony on the environment to changes in n-alkyl variety and abundance. Often, short-chain n-alkyls (e.g., C18, C24), which are proxies of aquatic moss and algae, have been used to make inferences on changes in colony size as bird droppings provide the nutrients for moss and algae proliferation (Wang et al., 2007; Huang et al., 2010; Hu et al., 2013).

New proxies that strengthen overall colony size reconstructions and associated inferences are continually established. For example, Zheng et al. (2015) used differences in stable mercury isotope fractionation (Δ199Hg/Δ201Hg) to identify bioaccumulation pathways in sediments that accumulated inputs from penguins and seals. Chen et al. (2020b) identified that penguins increase the amount of organic and acid volatile S relative to sulfate and pyrite S. Lastly, Nie et al. (2014a) linked temporal trends in the concentration of rare earth elements with penguin populations.




CASE STUDIES: APPLICATIONS OF SEDIMENT ARCHIVES IN AVIAN CONSERVATION BIOLOGY

Paleoecological reconstructions of bird colonies provide population managers with new insights regarding changes in bird colonies over timescales vastly predating anything available using modern monitoring methods. These reconstructions offer an opportunity to address a range of questions that have the potential to inform conservation and management strategies for populations of concern.


How Dynamic Are Populations on Long-Term Timescales?

As many bird species are long-lived and highly mobile, they have the potential to form metapopulations (i.e., networks of local populations that are connected by dispersal of individuals; Esler, 2000). Metapopulations are vital in sustaining viable and effective population sizes when faced with local and regional stressors as well as taking advantage of favorable conditions when they emerge. Local stressors include changing habitat availability and influxes of predators, while regional stressors include a variety of forces, including changes in climate and ocean currents. As described below, paleolimnological approaches can be used to assess the effects of local and regional influences on bird colonies on the scale of decades to millennia; leading to an understanding of metapopulation dynamics.

Recent paleolimnological work on Antarctic penguin colonies has revealed the importance of natural phenomena relating to population size. At a local scale, Gao et al. (2018c) used ∼1,600-years of changes in δ15N and δ13C values, as well as geochemistry from lake sediment cores, to show that the Adélie penguin colonies in the Vestfold Hills of East Antarctica were largely controlled by krill abundance, which itself is correlated to trends in solar minima and maxima as inferred from a nearby ice core. This relationship occurs because increases in total solar irradiance (TSI) results in increases in energy flux to the oceanic ecosystem and thus increases phytoplankton biomass and primary productivity. This bottom-up increase changes the food web to support a greater number of penguins (Saba et al., 2014).

Regional influences can also drive changes in the bird population. Near the Antarctic Peninsula, Roberts et al. (2017) used a ∼8,500-year paleolimnological record from Ardley Island to identify maxima in penguin populations that were nearly extirpated by eruptions of the Deception Island volcano. Using dated ash (i.e., tephra) layers and a variety of proxies to reconstruct the penguin colony trends, the authors concluded that poisonous aerosols (e.g., SO2, F) and trace elements (e.g., Cd, As, and Pb) from the initial volcanic eruptions, followed by the smothering effects of ash deposition and prolonged exposure to abrasive glass particles while rearing and feeding, probably caused the site-wide population decline. Notably, the penguin population recovered at this site after ∼400 to 800 years (Roberts et al., 2017).

For some bird populations, a combination of local and regional drivers can cause dramatic changes in colony size. On islands in the Northwest Atlantic Ocean, paleolimnological reconstructions of Leach’s storm-petrel colonies have suggested intercolonial movement as an important behavior favoring long-term persistence (Duda et al., 2020a, c). Using several sediment cores and multiple proxies (Supplementary Table 1) from lakes draining the two major storm-petrel colonies on Baccalieu Island (Newfoundland and Labrador, Canada) and Grand Colombier Island (St. Pierre and Miquelon, France), the authors reconstructed up to ∼5,800 years of population dynamics. Although these two sites are only ∼270 km apart, the two colonies peaked in storm-petrel numbers at different times (Figure 4). These paleolimnological data, combined with natural history observations (Pollet et al., 2020) and genetic studies (Paterson and Snyder, 1999; Bicknell et al., 2012), strongly indicate that Leach’s storm-petrels require a network of interconnected colonies to maintain the metapopulation. Possible drivers of these fluctuations may include local factors, such as predators and suitable habitat availability, or regional changes, such as shifts in the Labrador Current. Regardless of the driver(s) of population size, long-term data, such as those provided by lake sediments near nesting colonies, are the only known means to explore natural population dynamics over long periods that predate modern monitoring programs. Understanding colony dynamics before human arrival can also address shifting baseline syndrome in conservation biology by providing longer temporal records for contemporary population trends (e.g., Soga and Gaston, 2018). For example, the available colony size estimates for Leach’s storm-petrels on Baccalieu Island from 1984 (Sklepkovych and Montevecchi, 1989) and 2013 (Wilhelm et al., 2020) indicated that the colony has been in decline since the 1980s. The paleolimnological data corroborated the decline, but also showed that the colony size in the 1980s was at its highest in nearly two millennia. Therefore, had the original 1980s survey been conducted earlier, in the 1960s for instance, the storm-petrel colony would have appeared to be stable compared to 2013 (Figure 4). Moreover, had the original 1980s survey been conducted in the early 1800s, the colony would have appeared to be increasing in size (Figure 4). In contrast, the Grand Colombier colony appeared to be stable based on four surveys since the 1980s. However, when the timescale was pulled back, it was clear that the colony is now only a fraction (∼16% of the potential carrying capacity) of what was possible before permanent European settlement in the 19th century (Figure 4; Duda et al., 2020a).
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FIGURE 4. Long-term population trends of Leach’s storm-petrel colony dynamics from Grand Colombier Island and Baccalieu Island from the Northwest Atlantic Ocean (Duda et al., 2020a). (A) Overall trends in the Grand Colombier Island Leach’s storm-petrel population as determined by the mean of all measured paleolimnological proxies. (B) Trends of Grand Colombier Island contrasted to ∼1,700 years of population trends on Baccalieu Island, as detailed in Duda et al. (2020c). The distinct peaks in the storm-petrel colony size are identified numerically. Note that the rapid population decline is concurrent with the European population expansion in the St. Pierre and Miquelon archipelago, beginning in 1816 CE.


These studies provide the opportunity to consider bird population changes before human interferences and in the context of a larger, dynamic population that may be declining as part of natural cycles. Whether a population is currently increasing or decreasing is no longer a sufficient indication of status; identifying when the natural dynamics are disrupted becomes the goal in population monitoring. For example, a colony may be increasing in numbers but only as a result of short-term environmental conditions that are optimal for the species and thus conservation action may still be warranted. Similarly, a colony may be declining in numbers but may still remain within natural population variability over longer periods. Under these circumstances, a management approach that maintains these ordinary fluctuations and does not focus on the recent declines may be the most effective strategy.



How May Populations Respond to Climate Change?

Because of the multifaceted ecological changes related to recent climate warming, it is difficult to predict how bird populations may respond (Mason et al., 2019). In some regions, warming may result in increased abundance and range expansion (e.g., Frishkoff et al., 2016). By the same token, climate warming may result in changes in vegetation that may have adverse habitats for different taxa (e.g., Kuussaari et al., 2009). How can we predict changes in seabird populations with future warming and thereby provide the most effective conservation and management? Reconstructing how bird populations responded to past known climate events may act as a guide to future changes.

A series of paleoenvironmental reconstructions of Antarctic penguin colonies have identified the colonization dates and periods of “penguin optima” (originally coined by Baroni and Orombelli, 1994), during which penguin populations boomed in response to warmer and wetter climates during the Holocene (Figure 5). The timing of penguin arrival in the Antarctic varies by region but appears to be linked to increased availability of breeding habitat and open-water conditions coinciding with deglaciation (Emslie et al., 2007; Gao et al., 2018a). Post colonization, the period of penguin optimum has also varied depending on the study region (Huang et al., 2009a; Figure 5) but generally occurs during the late Holocene, from ∼2,000 to 4,000 years BP (Huang et al., 2009a; Sun et al., 2013). Based on several paleolimnological studies, Adélie penguins prefer warmer periods with deglaciation and larger ice-free areas for better prey conditions (Huang et al., 2009a; Gao et al., 2018c). However, the potential benefits of climate warming observed in the past may have already been exceeded. In the Ardley Peninsula, south of Tierra del Fuego, the colony of gentoo, Adélie, and chinstrap penguins that had been stable for the last ∼1,300 years appears now to be in decline (Liu et al., 2005).
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FIGURE 5. Earliest penguin colonization and regional optima since the last Antarctic glaciation period. Modified and updated from Huang et al. (2009a) and Sun et al. (2013). References include (1) Emslie and McDaniel (2002); (2) Emslie et al., 2020; (3) Zale, 1994; (4) Emslie et al., 2011; (5) Gao et al., 2018a; (6) Huang et al., 2009b; (7) Emslie and Woehler, 2005; (8) Emslie et al., 2007; (9) Emslie, 2021; and (10) Emslie et al., 2018.


Seabird populations in the tropics have recorded more variable responses to past climates than those occurring in polar regions. In the Xisha Islands (or Hoàng Sa in Viet Nam), the dominant red-footed booby colony reached maximum size during the cooling period of the Little Ice Age (1400 to 1850 CE) (Xu et al., 2016). In contrast to what was observed in the Antarctic, cooling may have had a positive influence on the seabird abundance in the tropics. For example, the expansion of ice cover in polar regions can increase marine primary productivity and food availability (Liu et al., 2002; Shiozaki and Chen, 2013; Xu et al., 2016). Similarly, on Dongdao Island (or Ða̓o Linh Côn in Viet Nam) from the same Xisha Islands archipelago, the bird population peaked at multiple times over the ∼1350-year record in correspondence to reconstructed sea surface temperature (SST) below 27°C (Liu et al., 2006c). The authors indicated that a likely reason for the increased seabird abundance was better food supplies. Given the complex interactions of changing climates with entire marine ecosystems, hindcasting may provide some of the most effective predictions of the future of seabird dynamics. A key benefit of hindcasting population changes is that it covers far longer periods of environmental variation and is largely free from human influences (depending on the location and length of the time series) when compared to modern monitoring programs, which typically incorporate the impacts by human interference as an additional factor, alongside current climate change.



How Have Populations Responded to Human Intrusion?

Before regular wildlife surveying began, the double-crested cormorant population in Lake Ontario was nearly extirpated as a result of dichlorodiphenyltrichloroethane (DDT) exposure (Wires and Cuthbert, 2006). However, following conservation efforts and the ban of DDT, the cormorant population grew from ∼136 breeding pairs in the 1970s to over 100,000 in the early 2000s (Weseloh et al., 2012). Because of this rapid growth and lack of pre-decline monitoring, cormorants were blamed for negatively impacting sport fishing and destroying natural habitats. Government programs aimed at reducing the cormorant populations (e.g., culling, extended hunting programs) were instigated in 2020 (Hobson, 2021). However, without long-term monitoring data, the question remained: What is “normal”? What were population numbers like before significant human interventions? Using a combination of paleolimnological proxies (Supplementary Table 1), it became evident that the modern cormorant population is currently larger than it has been in at least the last ∼150 years (Stewart et al., 2015, 2019). With these data, it is possible to estimate the historical size of cormorant populations and also consider the differences in the new environment driven by increasing anthropogenic influence, which together can be used to help set informed and achievable management goals. Although paleolimnological data suggested that the current double-crested cormorant population in Lake Ontario is now more numerous than in the past ∼150 years, the large colonies are principally supported in the new environment by introduced and nuisance warm-water fish species that are growing in numbers due to climate change, such as round goby (Neogobius melanostomus) and alewife (Alosa pseudoharengus) (Madura and Jones, 2016). By preying on these warm-water fish species, it could be argued that cormorants act as a biological control that contributes to maintaining natural biodiversity and supports commercially valuable native cold-water taxa, such as lake trout (Salvelinus namaycush) and lake whitefish (Coregonus clupeaformis) (Johnson et al., 2010, 2015).

Common eider (Somateria mollissima borealis) is a culturally and economically important northern sea duck, but limited survey data exist at the more remote portions of its range, such as the Canadian Arctic and West Greenland. However, the available information suggested that the West Greenland breeding population had declined by ∼81% over 40 years (Merkel, 2004). Given the lack of regular surveying and numerous potential drivers of the decline (e.g., climate warming, increased hunting pressures), it was challenging to provide informed management advice for a species that supports an important Indigenous harvest. In response, Hargan et al. (2019) used a paleolimnological approach to supplement available records to elucidate the cause of decline (Figure 6). With a reconstructed population record, now up to ∼400 years long, it was clear that the eider declines coincided with a growing human population with higher hunting efficiency due to increased access to firearms and motorized vehicles. From this research, it was apparent that harvest was a strong driver of this population and that this would need to be considered when setting harvest regulations in the future.
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FIGURE 6. The effect of increasing human population and associated increased availability of rifles, shotguns, and motorboats on eider populations in Greenland, modified from Hargan et al. (2019). The dataset is abridged from 1820 to 2018. (A) Historical sedimentary stable nitrogen isotope ratios (Z-score standardized) of the study sites in Cape Dorset, southwest of Baffin Island in Hudson Strait. The overall trend in the study region is demonstrated using a generalized additive model (GAM), and the period of significant decline is shown in bolded red. (B) Increase in human population and rifle, shotguns, and motorboats sold or traded in Greenland. Note the corresponding trends of decreasing eider populations as determined by δ15N and increase in human population and the associated hunting equipment.





CURRENT LIMITATIONS AND POTENTIAL SOLUTIONS

Long-term studies provide very high value in informing policy that can directly address modern ecological issues (Hughes et al., 2017). However, long-term studies are limited due to the substantial time and labor required to sustain the work. As a result, most surveying begins only after a population has experienced a noticeable change, and thus it becomes difficult to consider the natural, long-term dynamics of a species before human interference. Recent developments in paleoecological approaches have made substantial improvements to the application and interpretation of long-term population changes. However, there remain potential advancements for the development of proxies, ecologically important populations to explore, and other challenges to overcome. The following describes potential future directions of paleolimnological reconstructions of populations.


What Is the Relationship Between Paleolimnological Proxies and Absolute Colony Size?

Currently, paleolimnological inferences of colony size represent indices that generally reflect relative trends (i.e., timing and magnitudes of change) and cannot yet be used to definitively assign absolute numbers of birds at a site. This limitation is due to the complex and indirect relationship between bird inputs and the observed changes in sediments. For an estimation of past seabird numbers, several variables, such as the number of birds in the waterbody’s catchment, the amount of refuse produced per bird, and post-depositional processes need to be estimated. This estimation is further complicated by the non-linear relationship between bird inputs and paleolimnological proxies [e.g., δ15N has a logarithmic relationship with bird numbers, reaching a plateau at the δ15N value of the species’ guano (Duda et al., 2020a)].

To overcome these limitations, researchers have developed a variety of methods to summarize the paleolimnological data to estimate the trends in colony size. For instance, statistical techniques such as “Q-factor analysis” can provide information on changes in the relative abundance of bird-related bio-elements in the core, and this can be used to infer relative changes in colony size (e.g., Liu et al., 2006c; Huang et al., 2009a). Similarly, multiple proxies have been combined using an algorithmic mean of standardized data to provide an understanding of changes in colony size relative to the data available in the sediment core (Duda et al., 2020a, c). Building on this, Roberts et al. (2017) modelled colony sizes with wide confidence intervals for penguins breeding on Ardley Island in the Antarctic, and Duda et al. (2020a) used known habitat-specific bird densities to estimate the relative difference between modern and past colony size for a colony of Leach’s storm-petrels breeding on Grand Colombier Island in the Northwest Atlantic Ocean.

Ground-truthing of paleolimnological reconstructions against well-understood, long-term surveying data is required to further develop the relationships between proxies and bird numbers. Although some studies have corroborated survey data with paleolimnological data (e.g., Duda et al., 2020c), monitoring data are typically very limited on timescales relevant for paleoecological comparisons. However, some bird colonies with a well-established, long-term monitoring program could provide the data required to calibrate the relationship between paleolimnological proxies and seabird numbers. For example, the wandering albatross (Diomedea exulans), breeding on Bird Island of South Georgia Island, has been monitored since 1961 (Wooller et al., 1992; BirdLife International, 2017) and has nearby freshwater bodies that may be viable for paleolimnological reconstruction.



Availability of Sampling Locations

Paleolimnological reconstructions are currently limited to locations where biovector inputs drain and are preserved in a nearby body of water. The body of water must be deep enough so that it does not experience significant mixing of the sediments by strong winds or storms. Further, the body of water cannot be too big, as this would result in the avian inputs being dwarfed compared to those from the environment. However, the paleolimnological techniques described in this review are not limited to bodies of water and can be expanded to peatlands and directly to guano deposits. For example, recent work has effectively used peat deposits, which may occur in locations without bodies of water, to track various seabirds using the North Water polynya in northwest Greenland (Outridge et al., 2016; Davidson et al., 2018) and seabirds nesting on the Falkland Islands (or Islas Malvinas in Argentina) (Groff et al., 2020). Similarly, some species produce geochronological accumulations of wastes based on their roosting behavior. For example, a study of accumulated guano and egested insect remains from a chimney swift (Chaetura pelagica) roost in Kingston, Canada, revealed that DDT application diminished Coleoptera (i.e., beetle) abundance, which altered insect communities and reduced the population size of the insectivorous swift and probably other aerial insectivores (Nocera et al., 2012). Beyond chimney swifts, other bird species that produce substantial accumulations of guano that can be explored using paleoecological techniques, such as gyrfalcon (Falco rusticolus) from Greenland (Burnham et al., 2009) and, potentially, oilbirds (locally known as guácharo; Steatornis caripensis) and Guanay cormorants (Leucocarbo bougainvilliorum).

Numerous regions remain unexplored. Based on our review of 69 studies that explored accessing avian dynamics using sediment cores (Supplementary Table 1), we found that the majority were from Antarctica (n = 36, or 52%) and North America (n = 16, or 23%). The remaining continents are less well studied, with relatively few studies in Asia (n = 10, or 14%), Europe (n = 5, or 7%), Oceania (n = 1, or 1%), South America (n = 1, or 1%), and Africa (n = 0). This geographical spread suggests that using lake sediments for population reconstruction is in its infancy and there remain many more colonies and sites to examine (Otero et al., 2018). The methodology, however, is entirely transferable to other regions, and the only requirement is a sediment archive that receives significant biovector inputs.



Sensitivity to Migration and Movement

A paleolimnological reconstruction from a single site is not sensitive to animal movements. In other words, it is impossible to determine whether a colony has truly declined in numbers or has simply relocated on the basis of a single sediment core. However, this issue can be remedied through the use of multiple sediment cores that span an entire island or multiple sites within a bird-inhabited region. Then, concurrent changes across multiple sites may suggest region-wide shifts in colony size, whereas asynchronous declines may suggest colony relocation. For example, synchronous shifts in multiple sediments cores have been used to establish both increases (e.g., Stewart et al., 2015, 2019) and decreases (e.g., Hargan et al., 2019; Duda et al., 2020c) in a bird population size. In contrast, asynchronous changes in sediment cores were used to establish colony redistribution (Duda et al., 2020a). Therefore, whenever possible, we recommend that multiple sediment cores from a study region influenced by the target species be examined.



Mixed Species Signals

Often, seabird colonies consist of several species and thus the paleolimnological signal is a mixture of all seabirds. Although not intrinsically a problem, conservation questions are often directed at a specific species rather than overall seabird numbers. This concern must be addressed when examining past trends, where the assumption is made that the inferred trends are representative of the same species throughout the record. To address this issue, we recommend using markers that may be more specific to the species of interest, such as geochemistry that relates to the organism in question or more broadly using sterol and stanol concentrations. For example, on islands in Lake Ontario, the inputs from double-crested cormorants and ring-billed gulls could be distinguished based on differences in their diets (Hargan et al., 2018; Stewart et al., 2020). Paleolimnological proxies that are more species-specific should continue to be developed to further distinguish the inputs from various species (see “Environmental DNA” and “Bile Acids”).




POTENTIAL ADVANCEMENTS IN THE FIELD


Environmental DNA

Although several paleolimnological proxies have been established to effectively explore animal population dynamics, others are still being developed. For instance, environmental DNA (eDNA), sometimes called sedimentary DNA (sedDNA) or sedimentary ancient DNA (sedaDNA), has recently emerged as a potentially valuable proxy to understand changes with high taxonomic resolution (Domaizon et al., 2017; Capo et al., 2021). The eDNA archived in sediments can be from a variety of biological sources, such as animals, microbes, and vegetation, and understanding species changes in these various taxonomic groups can provide a holistic understanding of how the species affected the ecosystem. Although eDNA has not been used to track changes in avian population size, analogous studies have established the efficacy of the technique. For example, Giguet-Covex et al. (2014) used DNA metabarcoding of lake sediments to identify the presence and absence of mammal and plant DNA over the last ∼6,500 years, for the purpose of identifying periods of overgrazing by agricultural fauna and deforestation by the human population. This study established the ability to track changes in animals and vegetation using sedDNA, and similar approaches can be extended to avian inputs. However, methodological limitations and problems with sedDNA preservation remain important challenges to overcome (Capo et al., 2021). Alternatively, instead of directly tracking animal inputs, it may be possible to use eDNA to identify microbes introduced to the lake ecosystem or indirectly infer changes in avian colony size based on trends in the past microbial community. For instance, it may be possible to identify unique microbes of avian intestines and feces, whose presence in sediments may indicate avian inputs. One such bacterial genus is Catellicoccus, which is ubiquitous in the gut microbiome of numerous avian species, including the colonial thick-billed murre (Uria lomvia) (Góngora et al., 2021). The presence of Catellicoccus has been used to track gull fecal contamination in coastal environments (Sinigalliano et al., 2013) and, by extension, it may be possible to track avian trends if it were present in sediments.

Alternatively, changes in microbial communities identified with eDNA may also be used to track changes in sediments, similar to other biological proxies described earlier (e.g., diatoms, sub-fossil invertebrates). For example, Capo et al. (2019) examined annual variations in microbial community from a 40-year sediment record to identify how the aquatic microbiota changed in response to climate. The authors found increases in the relative abundance of Chlorophyta, Dinophyceae, and Cyanobacteria (i.e., taxa correlated to increased phosphorus) during periods of warmer winter temperatures. By extension, similar methods may be used to track changes in avian numbers, which have a strong effect on nutrient concentrations of the aquatic and terrestrial environments.



Bile Acids

Bile acids are an additional emerging paleolimnological proxy, similar to lipid biomolecules, that can be used to track fecal inputs in sediments. Bile is originally produced within the liver of an organism and, when it reaches the intestines after a meal, is biotransformed by the metabolism of microorganisms (Ridlon et al., 2016). The bile acids are then released into the environment via excretion. As bile acid structures vary depending on the animal class (Bull et al., 2002; Hofmann et al., 2010), they may be used to track changes in avian colony size, with potentially a higher resolution for species identification than other lipid molecules or geochemistry.




CONCLUSION

Paleolimnological approaches can provide scientists with the long-term context needed to determine whether a population is in decline or is within the natural range of variability. As a result, resources can be effectively allocated to protect a species with realistic management goals. In our review of 69 studies, we demonstrated the efficacy of sediment archives to add the critical temporal context needed to understand baseline conditions and natural variability of avian populations for the last 10,000 years. Ultimately, by combining paleoecological techniques with modern wildlife monitoring approaches, it will be possible to access temporal perspectives that are otherwise lost to time.
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Despite growing concerns over global fisheries, the stock status of most commercially exploited species are poorly understood. Fossil data provide pre-anthropogenic baselines for data-poor fisheries, yet are underutilized in fisheries management. Here, we provide the first use of predation traces to assess the status of fisheries (crab). We compared crab predation traces on living individuals of the crab prey gastropod, Tegula funebralis, to Pleistocene individuals from the same regions in southern California. There were fewer crab predation traces on modern gastropods than their Pleistocene counterparts, revealing reductions in crab abundances today compared to the Pleistocene. We conclude that: (1) regardless of the cause, immediate actions are required to avoid further population reductions of commercially exploited crabs in southern California, (2) predation traces are a rapid, cost-effective method to assess otherwise data-poor fisheries, and (3) the inclusion of fossil data provides key new insights for modern resource and fisheries management.
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INTRODUCTION

Fisheries management is vital to ensure the sustainability of fisheries in the face of continued climate change and overfishing (Harley et al., 2006; Allison et al., 2009; Ekstrom et al., 2015), particularly for vulnerable coastal communities that are reliant on marine resources (Dolan and Walker, 2006; Cinner et al., 2012; Whitney and Ban, 2019). However, many exploited marine species remain understudied due to limited resources and information (Pilling et al., 2008; Wiedenmann et al., 2013; Baum and Fuller, 2016). Fossil and historical data are alternative sources that can be used to determine the extent of change due to human activities, as well as to establish pre-anthropogenic baselines (Dietl and Flessa, 2011; Mcclenachan et al., 2012; Kidwell and Tomasovych, 2013; Rick and Lockwood, 2013; Dietl et al., 2015; Kidwell, 2015; Barnosky et al., 2017; Fordham et al., 2020), but their use as a tool for fisheries management is still largely unimplemented (Jackson and Sala, 2001; Lotze et al., 2011; Toniello et al., 2019). In particular, predation scars on prey (known as repair scars) are an unused resource that can be used to infer predator abundance in both modern and fossil settings (Schindler et al., 1994; Molinaro et al., 2014; Stafford et al., 2015b), with large datasets that can be collected quickly and easily. By comparing predation traces on a common prey item from similar fossil and modern environments, we demonstrate the utility of fossil data and predation traces as alternative, cost-effective methods to determine the current status of exploited predator species.

Along the west coast of North America, cancrid crab species, such as Dungeness (Metacarcinus magister) and rock crabs (Cancer productus, Romaleon antennarium, Metacarcinus anthonyi), are important fisheries, valued at over $230 million USD in the United States in 2019 ($54 million in California) (NOAA Fisheries Landings, 2019). First-hand accounts suggest that overfishing is already affecting multispecies rock crab populations and body sizes in southern California (Fitzgerald et al., 2018, 2019). However, management of these fisheries is hampered by a lack of data other than gross landings (Culver et al., 2010; NOAA Fisheries Landings, 2019). In California, permit numbers are restricted, and a catch size limit is in place, but the effectiveness of these restrictions is unknown (Culver et al., 2010). California’s crab species also face additional pressure from rapid development/urbanization of southern California’s coast (Woodring et al., 1946; Whitaker et al., 2010), ocean acidification (Bednaršek et al., 2020), harmful algal blooms (HABs) (Moore et al., 2019), and human exploitation for at least the past 12 – 13,000 years (Rick et al., 2014; Erlandson et al., 2015). Cancrids from the Pleistocene of southern California are known mostly from occasional chela (claws), which preserve more readily than the rest of the body (Menzies, 1951; Nations, 1975). Pleistocene species and their distributions are comparable to the present, consisting of the same major cancrid taxa, including Cancer productus, Metacarcinus anthonyi, M. gracilis, M. magister, Romaleon antennarium, and R. branneri (Menzies, 1951; Nations, 1975). The only notable difference is the presence of Glebocarcinus oregonensis (the pygmy rock crab) in the Pleistocene of southern California, which does not extend south of Santa Barbara today (Nations, 1975). Given that the shell-crushing crab taxa are similar between the Pleistocene and modern, and that it is unknown if repair scars allow differentiation between species of cancrid crabs, it is assumed that repair scars represent an overall cancrid crab signal that should appear similar between the Pleistocene and modern of southern California. Faced with a lack of current or historical data, limited fisheries management resources, and a generally poor body fossil record of crabs, alternative evidence is needed to guide the management of current crab stocks.

For both ecological and paleontological studies, predation traces on prey are often the only source of information to indicate the activity or presence of predators. Crab predation scars (repair scars) on mollusks have been used to assess patterns as broad as the development of antipredatory adaptations and mollusk diversity through time (Schindel et al., 1982; Vermeij, 1982c; Alexander and Dietl, 2003; Dietl et al., 2010; Mondal et al., 2014; Mondal and Harries, 2015), to variation in predation in modern ecosystems (Vermeij, 1982a,b; Schmidt, 1989; Schindler et al., 1994; Cadée et al., 1997; Alexander and Dietl, 2001; Dietl and Alexander, 2009; Molinaro et al., 2014; Stafford et al., 2015b). Predation traces also provide useful information on how crabs and their ecosystems are affected by environmental disturbances (Tyler et al., 2019). Most importantly for stock assessments, repair frequencies accurately track crab abundances in modern coastal studies (Schindler et al., 1994; Molinaro et al., 2014; Stafford et al., 2015b), especially when limited to repairs found on a single, common prey species.

However, comparing repair frequencies over evolutionary time scales in which selection for improved defenses or weaponry may have occurred, becomes more challenging. Because repairs are caused by failed attacks, a decline in repair frequency over time may be the result of either a decrease in predator success (more failures = more repairs) or an increase in predator attacks (more attacks at the same success rate = more repairs) (Vermeij, 1987); the reverse is also true. In studies of modern crab-mollusk predator-prey systems along crab population gradients from British Columbia, Canada (Molinaro et al., 2014; Stafford et al., 2015b) and Georgia, United States (Schindler et al., 1994), repair frequency on single prey species increased with crab abundance. Although not indicated in their study, data in Cadée et al. (1997) from the northern Gulf of California, Mexico, also supports this pattern. While the intent of these studies was to test whether repairs were a function of attack frequency, and predator abundance is just one of several mechanisms for changing attack frequency, the evidence demonstrates an association of repairs with crab abundance. As such, if a change in success can be excluded as an explanation for a change in repair frequency, then it is likely that the change in repairs is caused by a change in crab abundance.

To discern potential changes in predator success, Leighton (2002) suggested that prey size, particularly the size of the largest individuals attacked, could provide a means of distinguishing between success and attack frequency as causal mechanisms for changes in repair frequency; this approach was subsequently used in Richards and Leighton (2012) and Pruden et al. (2018). For example, if a prey species has not strengthened its defenses (e.g., increased shell thickness or ornament, etc.) over time, then larger, stronger predators would not only have an increased likelihood of success, but would also be able to take larger prey. The same pattern can and has also been considered from the perspective of the prey. For example, if prey improve their defenses, predator success and the size of prey predators are able to attack and/or the severity of the damage predators can inflict is likely to decrease over time (Mondal et al., 2014). Comparing prey size and repair size has also been used to determine potential prey size refugia from sublethal shell breakage (Alexander and Dietl, 2001).

For durophagous crabs, strength refers to the force delivered by the chelae. In all animal systems, force is proportional to the cross-sectional area of the muscle bundle, perpendicular to the line of action of the muscle. The chelae closer muscle in cancrids increases in size through ontogeny; thus, larger crabs are stronger crabs. In some crab-prey systems (e.g., the stone-crab, Menippe and its oyster prey), the crab is so strong relative to the prey that its success rate approaches 100%; in such systems, there is no size refuge for the prey, and no size selection on the part of the predator. However, for many specialized durophagous crab-prey systems, the success rate is much lower than 100% (as evidenced by the existence of repairs), and in such systems, crab size, strength, success, and the ability to handle larger prey are strongly associated (Hughes and Elner, 1979; Whetstone and Eversole, 1981; Lake et al., 1987; Behrens Yamada and Boulding, 1998; Whitenack and Herbert, 2015). Note that the ability to take larger prey does not necessarily imply a preferred size range of prey.

This relationship between crab size, success, and maximum size of the prey taken also holds true for the cancrid-Tegula system (Mendonca, 2020). Not only are larger cancrids stronger and therefore more likely to be successful, but larger crabs are able to handle larger Tegula. Cancrid crabs typically attack gastropod prey by either attempting to crush the shell directly, or by peeling back the aperture with a series of chips (Stafford et al., 2015a). The latter method is time consuming (Barclay et al., 2020b) (increasing the likelihood of the crab being interrupted by its own predators and competitors) and the gastropod retracts farther into its shell with each peel, decreasing the crab’s chances of success (Stafford et al., 2015a; Mendonca, 2020). In contrast, crushing is quick, and when the shell fractures, the gastropod has no escape. The choice of crushing versus peeling is in large part a function of the relative sizes of the crab and the gastropod (Mendonca, 2020). Larger crabs have large enough chelae to grasp a large Tegula across its width and attempt a crush, whereas smaller crabs are forced to peel. Thus, aside from their greater strength, larger crabs also have the option of utilizing a more successful attack strategy more frequently. However, they also can and do take larger Tegula by peeling. Strength, size, success, and largest prey are therefore expected to correlate, and the Mendonca (2020) thesis is consistent with this prediction. Assuming that these results hold across time, maximum size at attack (SAA) is an indicator of both predator strength (relative to the prey) and success.

A change in repair frequency due to a change in success can also show a change in SAA. However, it is also possible to use SAA to distinguish changes in crab strength/success as well as evaluate whether these changes have impacted the observed repair frequency (i.e., the success of the predator compared to the prey available to them) when comparing samples. For example, consider a hypothetical scenario where SAA increases, but so does the size of prey. If the distribution of attacks (SAA) remains relative to the size distribution of prey available, the relative rate of predator success against the prey available to them has not changed. In this scenario, while we can observe that crab strength and success has increased, because prey size also increased, the relative success rate of the predator is the same and therefore changes in crab strength/success are not likely to have impacted the observed repair frequency. Therefore, by considering the size at which repairs occur, it is not only possible to distinguish changes in predator success, but the SAA can also be used to evaluate whether these changes in success have impacted the observed repair frequency. Here, we analyze repairs on Late Pleistocene and living individuals of a common and widespread crab prey item, the black turban snail (Tegula funebralis) (Geller, 1982, 1983; Molinaro et al., 2014; Stafford et al., 2015b), to assess patterns of modern crab predation relative to a pre-Industrial baseline in the Pleistocene. This approach also demonstrates the value of repair scars and paleontological data as a cost-effective, rapid assessment tool to fill the critical gap in our knowledge of the current crab fisheries in southern California.



MATERIALS AND METHODS


Fossil Material

Fossil T. funebralis material came from the Natural History Museum of Los Angeles County invertebrate paleontology (LACMIP) collections. Any lot containing T. funebralis was assessed, and of those, all adult T. funebralis (those containing at least three body whorls) that were “intact” (minimally a complete apex and aperture, and no more than 25% of any whorl missing) were measured and assessed for all repair scars. Some of the fossil localities and/or lots also contained T. gallina, a closely related gastropod that co-occurs with T. funebralis in southern California and is often very difficult to distinguish from T. funebralis (Alf, 2019). To be conservative, any specimen that was possibly T. gallina was excluded from this study (about 100 specimens in total). The material was from Late Pleistocene high stand terraces (120 – 80 ka) (Muhs et al., 2006) with temperatures (Muhs et al., 2006, 2014) and marine invertebrate faunal zoogeographic ranges (Valentine, 1962; Roy et al., 1995; Muhs et al., 2014) similar to present conditions (with possibly slightly cooler temperatures at 80 ka). The bulk of southern California T. funebralis material in the collections came from the lower terraces of the Palos Verdes Hills and San Pedro area (as identified by comparing lot GPS coordinates with terrace maps (Figure 6 from Muhs et al., 2006 if the exact terrace was not specified), and from terraces from the San Diego area (Figure 1). We therefore restricted ourselves to including only specimens from those areas and terraces in subsequent analyses. As some of the lots lacked specific terrace information, or stated that they were taken from multiple terraces at one locality, we conservatively assumed that there was at least some mixing of the 120 and 80 ka terraces in both areas. We therefore treat all fossil material as a potentially time averaged “Late Pleistocene” assemblage, representing up to approximately 40,000 years of time, but still separated from the modern material by about 80,000 years. Therefore, any biological signals that were apparent despite potential time averaging of the Pleistocene material were likely robust and conservative (Kowalewski et al., 1998; Tomasovych and Kidwell, 2010; Kidwell, 2013). Furthermore, as this study also focuses on a single species, and had strict criteria for the completeness and size of individuals, preservational biases that are sometimes a concern when comparing fossil and modern material are not an appreciable issue here. We had a total of 712 fossil specimens (261 from the Palos Verdes Hills area, and 451 from the San Diego area).
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FIGURE 1. Map of southern California between Los Angeles and San Diego with images of fossil and modern T. funebralis with repair scars. Red arrows on T. funebralis indicate location of repair scars (wedge-shaped scar/line on body whorl). Map insets show the two study areas (Palos Verdes Hills and San Diego) in more detail. Modern localities are indicated in red stars (four from the Palos Verdes Hills area, and three from north of San Diego). Approximate fossil localities are indicated by blue lines which indicate the terraces and/or GPS coordinate information that accompanied fossil lots. Terraces in the Palos Verdes Hills are based on Figure 6 of Muhs et al. (2006).




Modern Specimens

Live specimens of T. funebralis were measured in situ at seven localities (four from the Palos Verdes Hills area near Los Angeles, and three from the Bird Rock area north of San Diego) in the early morning during the first low tide cycle of July 2019 (Figure 1). The two study areas were selected based on their proximity to the areas where the fossil material had been collected, and all rocky intertidal outcrops in those areas that were publicly accessible were surveyed for T. funebralis. Any site which contained T. funebralis was surveyed, with the exception of a single site of abundant T. funebralis near San Pedro (Point Fermin Park) which became inaccessible due to several earthquakes that occurred during the survey period, causing instability of the cliffs above the site. The seven sites are therefore representative of the range of moderately wave-exposed and cobbled, rocky shore habitats typical of T. funebralis in southern California.

While modern sites were not “time averaged” to the same extent as is expected for fossil assemblages, T. funebralis is a long lived species (upward of 30 years) (Frank, 1975), and individuals with at least three body whorls are already several years old (Paine, 1969). Given that gastropod shells grow by accretion, sampling of repairs scars can be considered to be on the scale of the animals’ lifespan. Furthermore, repair scar frequencies on T. funebralis are not impacted by short term, but extreme, environmental disturbances, indicating that T. funebralis repair scar patterns in the modern are operating on at least the decadal scale (Tyler et al., 2019). Thus, repair scar patterns can be considered to capture more robust biological signals “time averaged” over the lifespan of the organism, as is also an advantage of more time averaged fossil assemblages (Kowalewski et al., 1998; Kidwell, 2013), and useful when comparing sampling efforts between live or recent samples versus death assemblages (Powell et al., 2020). As with the fossil assemblages, only those gastropods that had at least three body whorls were measured to ensure consistency of body size sampling protocol between modern and fossil specimens. At each site, approximately 150 averaged-sized adults (those that had at least three body whorls) were randomly chosen for measuring. Collection was spread out as evenly as possible over the entire site to ensure there were no biases due to spatial or tidal/vertical positions of the snails. Strictly measured transects and quadrats were therefore not used given that each study site was a different size and we were more concerned with capturing a representative sample of individuals from the entire site. Two researchers would go to either end of the site and walk up and down in straight lines perpendicular to the shoreline spaced roughly two meters apart, depending on the size of the site. Approximately 10 – 20 snails would be collected from each “line,” depending on the size of the site, with collection being spread evenly across the line. Specimens were measured, and then quickly returned to their approximate location to ensure minimal disturbance before the tidewaters returned. We measured a total of 1,152 modern specimens across the seven sites.



Data Collection

We measured prey body size and compared repair frequency and the size at which repair scars occurred (size at attack, SAA) (Pruden et al., 2018) as a means of assessing the strength and relative success of Pleistocene and modern crabs to ensure that crab success was not impacting the observed repair frequencies (Figure 1). For example, if a prey species has not strengthened its defenses (e.g., increased shell thickness or ornament, etc.) over time, then larger, stronger predators would not only have an increased likelihood of success, but would also be able to take larger prey. Thus, maximum SAA is an indicator of both predator strength (relative to the prey) and success. If maximum SAA increases through time, we would expect predators to be more successful. Using prey body size and size at repair/attack has also been used in other studies to examine the relationship between predator strength/success and prey defenses (Alexander and Dietl, 2001; Mondal et al., 2014). However, this approach can also help distinguish between changes in repair frequency due to changes in success versus changes in attack frequency; a change in repair frequency due to a change in success should also show a change in SAA. In contrast, if there were no obvious changes in SAA (and therefore no changes in crab success) between the modern and fossil assemblages, then any changes in observed repair frequencies would indicate a change in crab abundance.

In both the fossil collections and modern sites, each specimen was assessed for repair scars, and measurements of size were taken (both maximum height and width). If a scar was present, the size at attack (SAA) was also taken. As repair scars are formed when a crab attempts to peel back the aperture, and gastropods grow their shells by accretion, the SAA measurement indicates the width of the animal at the time it was attacked. SAA was measured for all scars from the point at which the repair met the top of the whorl along a line segment passing through the apex to the point on the opposite side of the gastropod (Figure 2). If a gastropod had more than one repair, the SAA was measured for each, as they indicated separate attack events. Data collected are available as Supplementary Datasets 1, 2.
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FIGURE 2. Examples of repair scars on T. funebralis and their measurement. (A) A typical repair scar generated by a failed apertural peel by a crab (red arrow). (B) Size of the gastropod at the time of attack (SAA), measured from where the scar (red arrow, traced by red line) met the top of the whorl where it occurred along a line segment through the center of the gastropod to the opposite edge of the shell (red dotted line). Overall body width measurements were taken as the maximum width (diameter) of the gastropod shell (blue dotted line).




Analyses

To determine if (1) the presence or number of scars on each gastropod, (2) size, or (3) SAA, differed between the Pleistocene and the modern, we ran a series of Wilcoxon rank sum tests on each. We then tested if the presence or number of scars on individual gastropods were also affected by size by fitting generalized mixed models of scars, one to examine scar presence, and a second to examine number of scars. As each gastropod could have multiple SAA measurements, SAA was independent of measures from the individual gastropod (such as size or the number of scars) and was therefore not added to the models. The presence or number of scars on each gastropod was the dependent (response) variable, with size and time (Pleistocene versus modern) as independent (fixed) variables. Region (Palos Verdes versus San Diego) was also included as an independent variable to confirm that region was not affecting the results. Lot/locality was included as a random effect. For the model of presence/absence of scars, specimens were coded as scarred (1) or unscarred (0), and a binomial family link was used to fit the model. To test which independent variables affected the total number of scars on each specimen, a Poisson family link was used to fit the second model, in which the number of scars was treated as discrete/count data. The best model was determined by comparison of the Akaike Information Criterion (AIC) scores, where the lowest score indicated the best model. We used log-likelihood ratio tests to determine if the best fitted model performed significantly better than a null model (which only included lot/locality as the required random effect for generalized mixed models, and no independent variables). Significance of the independent variables on predicting scars was then examined using Wald Z-scores. If both size and time were found to have significant effects on the presence or number of scars, we then assessed the strength/direction of the relationship between scars and size by running a partial correlation which backed out the effects of time. All analyses were performed with R (version 4.1.1 using the lme4 and DHARMa packages).

Size at attack was used to gauge potential differences in (1) the success of crabs, both in terms of the overall strength of crabs (size of SAA) and relative distribution of repair sizes compared to the distribution of prey sizes, and (2) the potential consequences for the number of failures/repair frequencies observed between the two time periods. In terms of success, samples with greater average SAA between samples would indicate stronger, and therefore more successful crabs that only failed on larger prey. However, it is important to note that even if the overall success or size of prey that a crab can kill changes between assemblages, the observed repair frequency might not change if there is also a relative change in the size of the prey (e.g., Figures 3B–E). Hypothetically, even if the samples being compared did not overlap in terms of prey size or SAA, as long as the relative distribution of prey size and SAA in each sample remains constant (e.g., as prey in one sample grew larger, so did SAA), the observed repair frequency would not be impacted. Success in terms of the overall and relative strength of predators against the prey available to them can therefore be evaluated independently of observed repair frequencies if SAA and the relative distribution of prey size are considered. In other words, even if there are differences in crab strength/success, if the distributions of repairs to prey size remain similar between samples (e.g., both prey size and SAA get larger), we would not expect to see a difference in the observed number of repairs, and therefore any changes in repair frequency likely indicate a change in the number of attacks experienced (Figure 3).
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FIGURE 3. Hypothetical distributions of repair scar sizes (SAA) (red line) and overall prey body size (blue line) as they relate to both predator success and comparability of repair frequency (RF) between samples. (A) Null distributions of SAA vs. body size used to compare with other scenarios (figure panels). Potential measures of success for comparison: [1] distance between minimum SAA (5th percentile) and body size (minimum size at which predators are likely to fail, resulting in a repair – note that crabs may still attack smaller prey, but below [1], attacks must be successful, as repairs do not occur), [2] proportion of repairs below the minimum repair size, [3] distance between mean SAA and prey size, and [4] distance between the maximum SAA (95th percentile) and prey size (indicating the largest prey the predator is able to attack, as well as the prey in a size refuge from predation). There may also be additional scenarios and relevant measures other than [1] – [4] to those shown. Red arrow = changes in predator strength, blue arrow = changes to prey size. (B–E) Because the shift in the distribution of SAA or prey size is proportional ([1] and [4] remain relative), RF is not affected (equal symbol to right of graph), even if success changes. (F–K) Scenarios where the shift in the distribution of repairs is not proportional, indicating that RF might be affected (black arrows to right of panel indicate whether RF is greater or less than expected). (L,M) If distributions of SAA and prey size are relative between samples, changes to RF indicate differences in the number of attacks (red dotted line).


We compared crab strength (SAA) via the Wilcoxon rank sum test of SAA. The relative success between the Pleistocene and modern was then compared by plotting histograms of SAA and gastropod size (width) to determine whether there were any obvious visual differences in the distributions of SAA and gastropod size relative to each other between samples (see Figure 3 for hypothetical distributions). To further assess whether there were any shifts in the relative distributions of SAA compared to body size between the samples, we calculated the distance between the minimum body width and SAA (5th percentile), mean body width and SAA, and maximum body width and SAA (95th percentile) ([1], [3], and [4] of Figure 3A), as well as quartiles 1, 2, and 3, and the interquartile range (IQR). We then ran a Fisher’s exact test to see if any of these distribution metrics were significantly different in the modern compared to the Pleistocene. If the distributions of SAA and gastropod size shift in position relative to each other, then we consider the direction of change in SAA (e.g., greater SAA values relative to prey may indicate greater success on the part of the predator) (Figure 3). If there were no differences in the position of the distributions of SAA relative to gastropod size between samples, the observed repair frequencies should not be affected by success (i.e., relative success rate of the predator against the prey available to them remains the same), any changes in repair frequency between samples would be indicative of a change in the number of attacks (Figures 3L,M).




RESULTS

Modern T. funebralis (1) have fewer scars (Wilcoxon rank sum test, p < 0.001), (2) are larger than their Pleistocene counterparts (p < 0.001), and (3) are repaired at larger sizes (p < 0.001) (Figure 4 and Table 1). When including prey size in mixed model analyses, the same patterns of fewer repairs and larger gastropods in the modern compared to the Pleistocene held (Table 2). Time (geologic age) still had a significant effect on whether a gastropod had at least one scar in the mixed models (Table 2). When backing out the effects of time, the presence and number of scars showed a weak, but significant correlation with size (partial R = 0.134 and 0.141, respectively, p < 0.0001). Region (Palos Verdes vs. San Diego) did not have a significant effect on scars or model performance (Table 2 and Supplementary Table 1). Random effects (lot/locality) also did not have any significant impact on model performance (Table 2). As the fossil lots from the Palos Verdes Hills area are likely attributed to the older 120,000 ya highstand (Figure 6 in Muhs et al., 2006) compared to more mixing of the 80,000, 100,000, and 120,000 ya highstands from the San Diego area (Kern, 1977; Kennedy et al., 1982; Muhs et al., 1994, 2012), this indicates that differences in time averaging between fossil localities and regions are not substantial enough to impact the results. Therefore, changes observed between the Pleistocene and modern are not the result of differences in time averaging of samples.
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FIGURE 4. Results of Pleistocene (A) vs. modern (B) body size and size at attack (SAA) for T. funebralis. Boxplots show differences in gastropod body size and size at attack (SAA) for both the Pleistocene and modern samples (see Table 1 for Wilcoxon rank sum test results). Boxes = upper and lower quartiles, central lines = medians, whiskers = min/max data, circles = outliers. Histograms show distribution of SAA (red) and gastropod body size (blue). Relative positions of the distributions of SAA and body size between Pleistocene and modern samples can be compared based on Figure 3, with results described in Table 3. The y-axes (counts or number of observations in that size class) are not scaled, as Pleistocene and modern sample sizes were different. Dotted horizontal lines indicate the maximum frequency of repair scars in any size bin, with fewer repairs on modern gastropods. Maximum SAA, as well as relative position of the distributions of SAA vs. body size are similar between both the Pleistocene and modern (see Table 3), suggesting that any differences in repair frequency represent changes in the number of crab attacks, rather than a difference in crab relative success. If anything, there are more repairs on smaller gastropods in the modern (Table 3), which should increase the expected frequency of repairs, yet there are still fewer repairs observed in the modern. While the increased frequency of comparatively small gastropods between 11 and 13 mm in the Pleistocene may be the result of time averaging, it is important to note that this does not influence the relative position of the distributions of SAA compared to body size (see also Table 3), nor the observation of fewer repairs in the modern.



TABLE 1. Summary data and Wilcoxon rank sum tests.
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TABLE 2. Mixed models results of Pleistocene vs. modern repair scars, size, and SAA.
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Changes in the frequency of repairs between the Pleistocene and modern is indicative of a change in the number of attacks, rather than a change in crab success. The number of repairs expected should be similar between the two samples because even though the average SAA is larger in the modern (p < 0.0001) (Figure 4 and Table 1), as modern gastropod body size also increases, the distribution of repair size (SAA) relative to body size are not significantly different between the two samples (Table 3 and Figure 4). Increases in modern SAA should therefore be influenced by the greater number of larger gastropods available to attack. Hypothetically, even if gastropod size did not overlap between samples, if the observed repairs show the same size distribution relative to the gastropods, as they do for our dataset (Figure 4), the relative success of crabs against those two gastropod populations would be the same, and so would the repair frequencies (e.g., Figures 3B vs. 3D). Thus, observed changes to repair frequencies should be the result of a change in attack rates.


TABLE 3. Metrics used to compare the relative position of body size (width) and SAA between Pleistocene and modern samples.
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If anything, Pleistocene crabs were relatively more successful against the gastropods available to them, as there were fewer repairs at relatively small sizes in the Pleistocene compared to today (4.3 vs. 12.7% of repairs occurred below the minimum gastropod size, [2] in Figure 3A, in Pleistocene vs. modern assemblages) (Figure 4), and the distance between the minimum SAA and the minimum gastropod size ([1] in Figure 3A) was almost twice as large in the modern compared to the Pleistocene (Table 3 and Figure 4). In addition, the maximum size of repairs is similar between the two time intervals (Table 3), indicating that absolute crab strength has not changed substantially since the Pleistocene (Figure 4). Therefore, it is unlikely that the decrease in repairs observed in the modern is a function of a change in success. Furthermore, while size had a significant effect on whether a gastropod had one or more scars, this was true regardless of time (Table 1), indicating that crabs are simply more likely to fail against larger gastropods in each assemblage/location. Fewer repairs observed in the modern therefore conservatively indicates fewer attacks, rather than a change in success between Pleistocene and modern crabs (Figure 4).



DISCUSSION

Our results demonstrate a decrease in repair frequencies in modern compared to Pleistocene assemblages, conservatively indicating fewer crab attacks today compared to the Pleistocene. Given that differences in time averaging between Pleistocene assemblage lots and modern samples did not impact the results, the signal of reduced predation in the modern can be considered a robust biological signal, as is often an advantage of time averaged assemblages (Kowalewski et al., 1998; Kidwell, 2013; Kidwell and Tomasovych, 2013). There are therefore several alternative explanations to explain the possible reductions in modern crab attacks, all of which suggest that crab fisheries in southern California require increased attention and protections to ensure sustainability of these economically important species and their ecosystems. The results of our study also exemplify the value of including paleontological data and techniques in assessments of important modern coastal resources.

The simplest, and most troubling reason for the decline in crab predation on modern T. funebralis in southern California would be a reduction in the abundance of crabs. Worldwide, crustacean fisheries in general have become increasingly socioeconomically valuable and important in recent decades (Boenish et al., 2021). Severe declines in Dungeness crab populations have been documented locally in recent decades by Indigenous fishers in British Columbia, Canada who attribute these declines to commercial and recreational fishing (Ban et al., 2017). In southern California, recent data modeling studies indicate early warning signs of crab overfishing, along with concerns from fishermen and researchers about observed changes to crab body size and abundance in southern California (Fitzgerald et al., 2018, 2019). Declines in Dungeness crabs populations have been potentially associated with increases in sea otter populations in California (only at a small, localized level) (Grimes et al., 2020), but these are reported declines in crab populations, nonetheless. Our results support a decrease in crab abundances in southern California, suggesting immediate action (e.g., closure of fisheries) is needed to protect commercially exploited crabs in southern California.

Besides overexploitation, reductions in crab predation might also be due to widespread ecosystem changes caused by human activity and climate change. For example, ocean acidification affects crab larval development along the west coast of North America (Hodgson et al., 2018; Bednaršek et al., 2020). All life stages of Dungeness crab are also predicted to be vulnerable to year-round ocean conditions (low pH, low oxygen, and increased temperatures) by the end of the century (Berger et al., 2021). Mollusks, including T. funebralis, are also expected to experience direct consequences of ocean acidification, including impaired behavior, and reduced shell growth and strength (Jellison et al., 2016; Barclay et al., 2019, 2020a). While it does appear that absolute shell strength of T. funebralis may be reduced in the modern [a shift in the minimum absolute SAA to larger sizes indicates that shells may have been easier to crush at those same sizes in the modern (Figure 4)], it does not appear to have impacted the success rate of crabs as of yet. Modern crabs may have also become more restricted vertically, either due to stress or habitat loss, and may have fewer opportunities to feed on T. funebralis in its given tidal range. Rockweeds, kelp forests, and other habitat forming macroalgae have declined in southern California recently (Whitaker et al., 2010; Jurgens and Gaylord, 2018; Beas-Luna et al., 2020). At most of our sites, rockweeds and other large macroalgae were lacking, with T. funebralis found most commonly on bare rock covered in biofilm. The loss of habitat forming macroalgae may restrict crabs to foraging mostly at lower tidal heights where there is still abundant macroalgae, as habitat forming species are critical buffers against temperature stress, moreso than latitude or tidal elevation (Jurgens and Gaylord, 2018), and provide crabs refuge from their own predators, particularly when they are younger (Robles et al., 1989; Behrens Yamada and Groth, 2016).

Crabs may have also switched to other prey items, such as mussels, and attack T. funebralis less often. Indeed, mussels are a more common prey item of crabs (Robles et al., 1989). However, we did not observe any large mussel beds at any of the modern sites, and there have also been notable declines in mussel populations in southern California in recent decades (Smith et al., 2006a,b). Reductions in mussel populations in present-day southern California might increase crab predation on T. funebralis, yet we observe the opposite. While there are other prey items that might be preferred, such as owl limpets and other species of Tegula (e.g., T. brunnea and T. eiseni), these species were also present during the Late Pleistocene. Given that mussel and macroalgal beds are important habitat formers, and there are reported declines in these and associated benthic intertidal taxa in southern California (Smith et al., 2006a,2008; Whitaker et al., 2010; Beas-Luna et al., 2020), if anything, these reductions in biodiversity should reduce the amount and/or number of alternative prey, suggesting that the probability of T. funebralis being included in crab diets, or even becoming a more preferred prey item, should increase. That we still observe a decline in predation on modern T. funebralis is therefore likely conservative with respect to decreased crab abundances.

A difference in temperature, particularly since the cooler 80,000 ya highstand, could have affected predation rates, and/or caused a change in both the size of T. funebralis and their crab predators. However, as the Pleistocene samples were a mix of both the 80,000 and 120,000 ya highstands, the latter of which was similar in temperature to today, temperature alone is an insufficient explanation for changes in body size and repairs. Furthermore, as increases in temperature also can increase predation rates (Bélair and Miron, 2009; Leighton and Tyler, 2021), we would have also expected more repair scars at modern sites, yet the opposite is true. This conservatively implies that decreases in crab attacks are driven by reduced crab abundances in the modern compared to the Pleistocene. A release from predation pressure due to a reduction in crabs might have also driven the increases in body size for T. funebralis, as T. funebralis body size is known to decrease in response to human predation intensity (Erlandson et al., 2015). Additionally, sea stars are another major predator of T. funebralis (Paine, 1969; Fawcett, 1984; Gravem and Morgan, 2017), and their populations have been severely affected by an outbreak of sea star wasting disease in 2013 (Hewson et al., 2014; Menge et al., 2016). Both crabs and sea stars are known to have disproportionately large effects on their ecosystems (Paine, 1966, 1969; Hull and Bourdeau, 2017; Leighton and Tyler, 2021). Reduced populations of both crabs and sea stars might also influence coastal ecosystems due to changes in the body size of their prey.

Regardless of the potential cause, reduced crab predation rates in southern California warrant further attention both from a fisheries/resource management and ecosystem health perspective. To avoid further depletion of current crab stocks, increased management practices may need to be enacted. Past studies show that Dungeness crab populations are quick to recover after spatial closures (Taggart et al., 2004; Frid et al., 2016). However, if the cause of declines in crab populations is also related to ecosystem changes and degradation on southern California’s coast due to anthropogenic impacts, such as changes to macroalgal and seagrass communities (Waycott et al., 2009; Whitaker et al., 2010; Beas-Luna et al., 2020) that are often nurseries for young crabs (Robles et al., 1989; Beck et al., 2003; Holsman et al., 2006; Behrens Yamada and Groth, 2016), or to seawater conditions (Bednaršek et al., 2020; Berger et al., 2021), changes to crab fishery management policies will be insufficient to sustain these resources long-term.

To improve the management and long-term sustainability of crab fisheries in southern California and beyond, we recommend: (1) the enactment of increased management practices in southern California, such as partial or spatial closures of crab fisheries that would allow for potentially rapid recovery of crab stocks, and (2) the use of repairs scar surveys in both modern and fossil assemblages as a fast, cost-effective, and easily implemented tool for initial assessments of crab population health. More broadly, there are several other areas for improvement and continued investigation. First, addressing the ever-increasing urgency of climate change and anthropogenic impacts on coastal ecosystems and resources (Beas-Luna et al., 2020; Bednaršek et al., 2020; Berger et al., 2021) is paramount to ensuring long-term sustainability of far more than just crab fisheries. For example, as macroalgal and seagrass communities are important habitat for young crabs (Robles et al., 1989; Beck et al., 2003; Holsman et al., 2006; Behrens Yamada and Groth, 2016), any restoration of these communities will also greatly benefit crabs (Anderson, 1989). Addressing anthropogenic carbon dioxide emissions is also key to addressing future ocean conditions, including warming, hypoxia, and ocean acidification that will impact crabs (Bednaršek et al., 2020; Berger et al., 2021). Second, conservation paleobiology and historical ecology offer unique perspectives, tools, and datasets that provide much needed and often missing context to ensure the sustainability and protection of ecosystems and their services (Hadlock Seeley, 1986; Erlandson and Rick, 2010; Dietl and Flessa, 2011; Mcclenachan et al., 2012; Rick and Lockwood, 2013; Dietl et al., 2015; Kidwell, 2015; Barnosky et al., 2017; Fordham et al., 2020). Related to crabs, other studies have used historical records of prey (gastropod) morphology as additional evidence of the spread of the invasive European green crab, Carcinus maenas, on the northeast coast of the United States (Hadlock Seeley, 1986). Specifically for fisheries, the regular inclusion of alternative sources of information, including repair scars and paleontological data, as well as historical and traditional knowledge/data can provide important insights to understand the status of data-limited fisheries (Lotze et al., 2011; Ban et al., 2017; Toniello et al., 2019) and should be implemented more widely in fisheries management. For example, Indigenous knowledge and first-hand accounts from fishers have proven valuable to crab fisheries modeling and stock assessments (Ban et al., 2017; Fitzgerald et al., 2018, 2019). Indigenous and first-hand knowledge provides additional context that could be used in conjunction with repair scars to assess the severity and timing of stock declines, as well as to identify areas of greatest concern where repair scar surveys could be implemented.

Our results demonstrate that crab predation traces are a novel, inexpensive initial assessment tool to determine the current health of important coastal species, particularly if current or historical records are sparse or lacking. We also demonstrate that fossil data are valuable for determining pre-human baselines that provide context for the status of current fisheries and long-term responses of both crabs and their prey amidst human-induced environmental changes. Repair scars are therefore a robust indicator that can be used to determine whether further action is needed to provide greater protections for vulnerable crab populations worldwide. We suggest that reduced crab predation in modern gastropods is most likely caused by human-induced changes (e.g., overexploitation of predators or climate-induced ecosystem disturbances), but that regardless of the cause(s), there is immediate need for a detailed investigation of current crab fishery stocks in southern California to ensure the sustainability of these critical coastal socioeconomic resources. An important avenue for continued future research would be to expand upon the current data framework to include historical and archaeological collections (Rick and Lockwood, 2013; Toniello et al., 2019) to understand the timing of crab population declines and improve sampling efforts, and to apply the methods used in this study to other locations of concern for shell-crushing crab resources. We conclude that incorporating paleontological techniques and data (i.e., conservation paleobiology) to resource management provides critical new insights that can aid in the management and sustainability of exploited biological resources.
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Florida’s freshwater spring and river ecosystems have been deteriorating due to direct and indirect human impacts. However, while the conservation and restoration strategies employed to mitigate these effects often rely on faunal surveys that go back several decades, the local ecosystem shifts tend to have much deeper roots that predate those faunal surveys by centuries or millennia. Conservation paleobiology, an approach which enhances our understanding of the past states of ecosystems, allows for comparison of modern faunal communities with those prior to significant human impacts. This study examines the historical record of freshwater mollusk assemblages from two spring-fed river systems, the Wakulla and Silver/Ocklawaha Rivers. Specifically, we compared fossil assemblages (latest Pleistocene - early Holocene) and live mollusk assemblages in the two targeted river systems. Bulk sampling of the fossil record (20 sites; 70 samples; 16,314 specimens) documented relatively diverse mollusk assemblages that consist of a suite of native freshwater species that is similar across the studied systems. In contrast, sampling of live communities (24 sites; 138 samples; 7,572 specimens) revealed depauperate species assemblies characterized by the absence of multiple native freshwater species commonly found in fossil samples, the widespread presence of introduced species, and dominance of brackish-tolerant species at the lower Wakulla River sites. Unlike fossil mollusk assemblages, live mollusk assemblages differ notably between the two river systems due to differences in relative abundance of introduced species (Melanoides tuberculata and Corbicula fluminea) and the presence of brackish-tolerant mollusks in the coastally influenced Wakulla River. The diverse, exclusively freshwater mollusk associations comparable across multiple river systems documented in the fossil record provide a historical perspective on the past state of freshwater river ecosystems complementing data provided by modern surveys. The conservation paleobiology approach used in this study reinforces the importance of considering the historical ecology of an ecosystem and the utility of the fossil record in providing a historical perspective on long-term faunal changes.
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INTRODUCTION

Humans have lived around and exploited Florida’s springs and rivers for at least 13,000 years (Martin, 1966; Milanich, 1994). Modern development around freshwater springs began as early as the 1820s, initiating a long interval of gradually intensifying human impacts on water quality and ecosystem health (Revels, 1990; King, 2004). Today, these spring-fed river systems are increasingly threatened by invasive/introduced species (Bogan, 2006; Wingard et al., 2008; Nico et al., 2009; Kusnerik et al., 2020), excessive nutrient inputs (Turner and Rabalais, 1991; Turner et al., 2006; Liu et al., 2009; Heffernan et al., 2010; Bricker et al., 2014), vegetation loss/shifts (Brainwood et al., 2006; Lauretta et al., 2019), decreasing waterflow (Weber and Perry, 2006), sea level rise (Donoghue, 2011; Hong et al., 2014), and salinity fluctuations (Donoghue, 2011; Hong et al., 2014).

Recognizing these threats has prompted a renewed effort in recent years to study, conserve, and restore Florida’s spring and river ecosystems through environmental surveys, restoration plans, and management actions by various state and private agencies (Howard T. Odum Florida Springs Institute, 2014; Wetland Solutions Inc, 2014; Florida Department of Environmental Assessment and Restoration, 2015). However, although anthropogenic impacts to spring ecosystems have been ongoing for centuries, live faunal surveys encompass only the last few decades (Odum, 1957; Knight, 1980, 1983; Munch et al., 2006). These recent efforts have documented conditions in already-altered ecosystems and, as such, provide critical data on changes that have taken place over the last several decades. However, we still lack critical information on the historical state of these ecosystems as they existed prior to substantial human impacts.

Conservation paleobiology is a rapidly emerging discipline that uses fossil or subfossil assemblages to provide historical ecological context for altered ecosystems. These approaches use fidelity or discordance between live, dead, and fossil assemblages, and other related methods, to recognize spatial and temporal biotic changes and provide long-term baseline assessments that can assist conservation and restoration efforts (e.g., Kowalewski et al., 2000; Jackson et al., 2001; Kidwell, 2007, 2013; Yanes, 2013; Hyman et al., 2019). Whereas these approaches have been used extensively in marine (e.g., Kidwell, 2007, 2013; Hyman et al., 2019), terrestrial (e.g., Yanes, 2013; Barnosky et al., 2017), estuarine/lagoonal (e.g., Barbieri et al., 2020), and freshwater (e.g., Alin and Cohen, 2004; Brown et al., 2005; Czaja et al., 2019) settings, spring-fed fluvial systems have been comparatively understudied. The primary goal of this study was to apply conservation paleobiological approaches to two spring-fed, fluvial systems in Florida. By comparing the compositional fidelity between live, dead, and fossil assemblages, the study aimed to document the faunal composition of freshwater molluscan communities prior to substantial human impacts, assess long-term ecological changes to those communities, and provide historical context for restoration/conservation efforts in local freshwater ecosystems.

Mollusks were used because their biomineralized shells have high potential for preservation in the freshwater fossil record, and their larger populations make collection of meaningful sample sizes feasible (Boardman et al., 1987; Kusnerik et al., 2020). Radiocarbon dates on individual fossil specimens (Kusnerik et al., 2020) revealed that freshwater mollusk shells from the studied rivers came predominantly from individuals that were late Pleistocene to early Holocene in age (18,217 to 7,087 cal BP), coinciding with hydrologic activation of flow in freshwater springs throughout Florida (Balsillie and Donoghue, 2011; Donoghue, 2011; O’Donoughue, 2015; Kusnerik et al., 2020). The radiocarbon dating efforts also indicate that mollusk assemblages were time-averaged over hundreds to thousands of years, constituting an averaged archive of long-term paleoecological conditions in the study system (Kusnerik et al., 2020). In more general terms, we focus here on mollusks because they are often used as environmental indicators (Williams et al., 2014), are sensitive to changes in water conditions (Montagna et al., 2008; Williams et al., 2014), can archive geochemical changes in aquatic habitats in their shell structure (Brown et al., 2005; Brainwood et al., 2006; Williams et al., 2014), and often provide ecosystem services including water filtration, substrate consolidation, and habitat structuring (Williams et al., 2014; Vaughn, 2018).



MATERIALS AND METHODS


Study Area and Field Methods

Samples were collected from two spring-fed river systems in Florida (Figure 1). These two systems, the Wakulla River and the Silver and Ocklawaha Rivers, were selected because they (1) vary in magnitude of human impacts, from severe (Silver River) to reduced (portions of the Wakulla River); (2) represent a range of salinity regimes, from fully freshwater (Silver/Ocklawaha Rivers) to coastally influenced (Wakulla River); and (3) afford easy logistical access.
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FIGURE 1. (A) General location of the study area; (B) sampling sites along the Wakulla River; (C) sampling sites along the Silver and Ocklawaha Rivers. Sites along the Wakulla River begin with a “W,” along the Silver River begin with an “S,” and along the Ocklawaha River begin with an “O”.


The Wakulla River, located in Wakulla County, was sampled at 11 sites along the uppermost 11 km of the river (Figure 1B). Sites were distributed longitudinally starting at Wakulla Spring and continuing downstream to approximately 4 km upriver of the confluence of the Wakulla and St. Marks Rivers. Seven sites were located within Edward Ball Wakulla Springs State Park, which includes the headspring and uppermost 5 km of the river. The remaining four sites were in a publicly accessible portion of the lower river. In the sampled area, the Wakulla River is primarily meandering, with a short, braided section in the lower park. The river flows over undifferentiated Holocene and Pleistocene sediments, which overlie limestone deposits of the lower Miocene St. Marks Formation. Bottom substrates include peat, mud, silt, quartz sand, and limestone hardgrounds.

The Silver River, located in north-central Florida, Marion County, was sampled at eight sites along its 7.5 km length, from Mammoth Spring (main spring of the Silver Springs group) to the confluence with the Ocklawaha River (Figure 1C). An additional six sites were sampled on the Ocklawaha River, along a 3.5 km stretch downstream of the confluence point. The headspring and upper portion of the Silver River are located within Silver Springs State Park. Both the Silver and Ocklawaha are meandering rivers within the sampled regions. Both flow over undifferentiated Holocene and Pleistocene sediments, which overlie the upper Eocene Ocala Limestone. Bottom substrates include silts, clays, muds, limestone hardgrounds, and limestone cobbles.

Two types of samples were collected using SCUBA: live and fossil assemblages. Live assemblages represent timed (5, 10, or 15 min) hand-collection of living specimens by divers at all habitat types present at each site. Habitats typically included leaf litter, submerged logs, submerged vegetation, floating vegetation, mid-river channel sands and muds, and emergent shoreline vegetation. Live surveys were conducted between 2016 and 2019 (Table 1).


TABLE 1. Latitude, longitude (datum WGS 84), and types of samples collected at each site.
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Fossil samples were acquired through in situ, bulk collections of shell material from submerged vertical outcrops or small marl exposures on the riverbed. Outcrops and marls were composed of white to tan shell-rich clays with occasional layers of carbonate silt. Some outcrops contained a poorly indurated, dark-colored, organic-rich silt layer. When possible, outcrop exposures were sampled along a vertical profile, with each sample representing a rectangular cuboid spanning 5-10 cm vertically, 50-100 cm horizontally along the outcrop wall, and 10–20 cm perpendicularly into the outcrop exposure. Because of their size, smaller marl exposures on the riverbed were not sampled by cuboids, but rather, were sampled until one gallon of sediment was obtained. All samples were wet-sieved using 1 mm mesh sieves. Samples containing larger numbers of specimens were subsampled using strategies designed to minimize size-selection biases (sample splitters or multiple random subsets).

Death assemblages, the loose collection of shell material that accumulates in scours, divots, or similar erosional depressions on the river bottom, are also commonly used in conservation paleobiological research (e.g., Brown et al., 2005). While molluscan death assemblages were collected for this study, their complicated, multi-sourced provenance (Kusnerik et al., 2020) led to their exclusion from further analyses.



Specimen Description and Analysis

A total of 208 samples (live = 138, fossil = 70) were collected. Specimens were identified to the lowest taxonomic level, yielding 24,030 specimens that represent 20 taxa. Live samples from each site were pooled together into a single assemblage, regardless of their time of collection, to mitigate the effects of seasonal or annual variations in community composition. Bivalve counts were corrected to a minimum number of individuals by halving specimen counts. Two terrestrial gastropods (Polygyra septemvolva and Daedalochila auriculata) present in fossil assemblages were removed as live, terrestrial species were not sampled. The brackish-tolerant gastropod Vitta usnea, not observed in fossil samples, was removed as an ecological outlier in ordination analyses. Unionid mussels were also removed from ordination and pairwise comparisons because of taphonomic concerns, as their nacreous-aragonite shells do not preserve well in the fossil record (Simpson, 1899; Hinch and Green, 1988; Roper and Hickey, 1994; Wolverton et al., 2010; Williams et al., 2014). Exclusion of terrestrial species, freshwater mussels, and the brackish-tolerant V. usnea did not result in major changes to diversity analyses.

Samples with fewer than 20 specimens were removed from analyses to mitigate the effects of small sample sizes. Taxon abundance counts were standardized using double relativization (Wisconsin standardization). All analyses were performed in R (R Core Team, 2018) using custom written scripts and the package “vegan” (Oksanen et al., 2019). Sample-standardized richness was calculated using the “rarefy” function in the package “vegan” with the sample cutoff of 20 specimens. Ordination analyses were used to visualize compositional differences among samples and sample groups. Data were ordinated using Non-metric Multidimensional Scaling (nMDS) fit into k = 2 dimensions with 50 random restarts. Performance was assessed using stress values, with values < 0.2 deemed acceptable. Bray-Curtis similarity was used to quantify the compositional similarity between and within samples of both assemblage types and river systems. Differences in mean pairwise similarity between sample sets were statistically evaluated using randomization with distances resampled from pooled data to generate a sampling distribution under the null model of no difference in means. All p values were computed using the percentile approach with p = IE/IT, where IE is the number of extreme iterations (i.e., number of replicate samples in which the resampled absolute difference in means exceeded the true absolute difference in means observed in the data) and IT is a total number of iterations. When IE = 0, p was reported as p < 1/IT. Each randomization estimate was based on 10,000 iterations (pilot analyses indicated that estimates of p values stabilized at IT < 8,000 iterations). Permutational multivariate analysis of variance (PERMANOVA), based on pairwise Bray-Curtis dissimilarities between samples, was conducted to assess whether sample groups were distinguishable statistically between assemblage types and river systems.




RESULTS

Fossil samples contained 16,314 specimens representing at least 14 species of freshwater mollusks (12 gastropods, one pea clam, and at least one species of unionid mussel) (Table 2). No introduced or brackish-tolerant species were present. Sample-standardized richness (n = 20 specimens) ranged from 2 to 6.38 (mean = 4.53). Whereas all fossil species were present in the samples from the Silver and Ocklawaha Rivers, only 11 were present in Wakulla River samples. The Wakulla samples were missing unionid mussels, indeterminate ancylid gastropods, and Physella sp., all of which were rare (n = 9, 3, and 2, respectively) in Silver/Ocklawaha fossil samples. Common species (> 10%) in both systems included Planorbella duryi, Notogillia wetherbyi, and Elimia floridensis. Physella hendersoni was also common in Silver/Ocklawaha samples. Pairwise similarities between fossil sites, estimated as Bray-Curtis similarity, ranged from 0.06 to 0.9 (mean = 0.51) for Wakulla fossil sites (Figure 2A) and from 0.04 to 0.88 (mean = 0.36) for Silver/Ocklawaha fossil sites (Figure 2B). Pairwise similarities between fossil sites compared across the two river systems ranged from 0 to 0.87 (mean = 0.3) (Figure 2C). The difference in mean pairwise similarity was statistically significant between within-Wakulla and within-Silver/Ocklawaha comparisons (Supplementary Figure 1B1,B2 and Table 3). The difference was also statistically significant when comparing pairwise similarities within rivers to those between rivers (Supplementary Figures 1F1,F2 and Table 3).


TABLE 2. Abundances of aquatic species present in fossil and live samples compared to local and regional surveys.
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FIGURE 2. Pairwise comparisons of Bray-Curtis similarities between fossil (gray) samples (A) within the Wakulla River, (B) within the Silver and Ocklawaha Rivers, (C) between the Wakulla, Silver, and Ocklawaha Rivers, between live (green) samples (D) within the Wakulla River, (E) within the Silver and Ocklawaha Rivers, (F) between the Wakulla, Silver, and Ocklawaha Rivers, and between fossil and live (blue) samples (G) within the Wakulla River and (H) within the Silver River. (I) Mean similarities of the eight pairwise comparisons with 95% confidence intervals. (A–H) represent their respective panels in Figure 2.



TABLE 3. Probability of observed mean pairwise similarity between sample sets evaluated using randomly generated null model of no difference in means.
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Pooling live samples by site produced a total of 25 samples, representing 7,572 specimens of 11 species (Table 2). These included eight native, freshwater mollusks (seven gastropods and one mussel), two non-native freshwater species (one gastropod and one clam), and one brackish-tolerant gastropod species (V. usnea). Sample-standardized species richness at sites (n = 20) ranged from 1 to 5.63 (mean = 2.63). Seven species were shared between the live communities of the Silver/Ocklawaha and Wakulla Rivers. An additional three species were present only in the Silver/Ocklawaha Rivers (Callinina georgiana, Planorbella trivolvis, and Tarebia granifera), whereas one species, the brackish-tolerant V. usnea was present only in the Wakulla River. Only one species was well represented (> 10%) in both systems, E. floridensis (Silver/Ocklawaha = 15.11% and Wakulla = 42.45%). In Silver/Ocklawaha River samples, other well represented species included unionid mussels (57.59%) and Corbicula fluminea (18.53%). In the Wakulla River, the common taxa were Melanoides tuberculata (29.56%) and V. usnea (23.19%). Between site Bray-Curtis similarity for live Wakulla samples ranged from 0 to 0.98 (mean = 0.36) and for the Silver/Ocklawaha samples ranged from 0.04 to 0.88 (mean = 0.36) (Figures 2D,E). Within-river mean similarity was not significantly different between the two systems (Supplementary Figures 1A1,A2 and Table 3). Between-river similarity estimates ranged from 0 to 0.8 (mean = 0.17) (Figure 2F) and was significantly different from within-river similarity estimates (Supplementary Figures 1E1,E2 and Table 3).

Live and fossil samples shared seven species (E. floridensis, P. duryi, C. georgiana, N. wetherbyi, P. trivolvis, P. paludosa, and unionid mussels) (Table 2). An additional seven freshwater species were present only in fossil samples (P. hendersoni, Physella sp., Fluminicola dalli, Tryonia aequicostata, Lioplax pilsbryi, Pisidium sp., and indeterminate ancylid gastropods). Four species were absent from the fossil record but present in live samples: the introduced C. fluminea, T. granifera, and M. tuberculata and the native, brackish-tolerant V. usnea. Compared to fossil samples, live samples were generally characterized by higher dominance, lower richness, and lower rarefied diversity (Figure 3). Similarity between fossil and live Wakulla samples ranged from 0 to 0.64 (mean = 0.11), and between fossil and live Silver/Ocklawaha samples from 0 to 0.62 (mean = 0.09) (Figures 2G,H). Mean similarity was statistically distinct between Wakulla live and Wakulla fossil samples, with fossil samples more similar and live samples less similar than expected (Supplementary Figures 1C1,C2). However, Silver/Ocklawaha live samples and Silver/Ocklawaha fossil samples were not statistically distinguishable in terms of pairwise similarities (Supplementary Figures 1D1,D2). Mean similarity between fossil samples from the two river systems was significantly more similar than expected, whereas live samples were significantly less similar (Figures 4A,B and Table 3).


[image: image]

FIGURE 3. (A) Rarefaction curves and (B) richness-dominance plot and of fossil (gray) and live (green) samples. Letters in (B) correspond to a sample’s river system: “W” for Wakulla, “S” for Silver, and “O” for Ocklawaha.
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FIGURE 4. Comparison of expected mean similarity distributions (based on randomization under the null model that all pairwise comparisons came from the same underlying statistical population) with observed mean similarity values for within river (A) live samples and (B) fossil samples. Open white circle is the observed mean similarity for the given set of comparisons.


To account for the impact of introduced species only in the modern (as they are absent from fossil assemblages), similar analyses were conducted with their exclusion. Although removing introduced species does not change pairwise comparisons of Bray-Curtis similarity for fossil samples, similarity among live samples within the same river system increases (Supplementary Figures 5A,B). Bray-Curtis similarity increases in the Silver/Ocklawaha Rivers (min = 0.27, max = 0.85, mean = 0.51). In the Wakulla, although the lower and upper river remains dissimilar from one another, overall mean similarity increases in live samples because of the high agreement in the upper river (min = 0.03, max = 1, mean = 0.71). Removing introduced species does not dramatically change similarity between rivers (min = 0.03, max = 0.8, mean = 0.27) (Supplementary Figure 5C).

In ordination space, fossil samples plot as a cloud with some separation along nMDS1 and tight clustering along nMDS2 (Figure 5). Whereas there is some clustering by river system within the cloud, fossil samples from the different rivers broadly overlap. Live Wakulla River samples plot at high nMDS1 and high nMDS2 scores, distinct from nearly all fossil and live Silver/Ocklawaha River samples (Figure 5). Live Silver/Ocklawaha River samples mostly plot at high nMDS1 and low nMDS2 scores, distinct from all fossil and live Wakulla River samples. Whereas the majority of species plot within the cluster of fossil samples, three species do not. Two species, the introduced M. tuberculata and native E. floridensis, plot at higher nMDS1 and nMDS2 scores, similar to the Wakulla live samples, in which both taxa are abundant. The introduced C. fluminea scores are similar to most live Silver/Ocklawaha samples, at high nMDS1 and low nMDS2 scores. PERMANOVA indicates that the two assemblage types and two river systems are significantly different (F = 7.3, p < 0.001).
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FIGURE 5. Non-metric Multidimensional Scaling (nMDS) species and sample scores. Fossil samples in gray and live samples in green. Letters correspond to a sample’s river system: “W” for Wakulla, “S” for Silver, and “O” for Ocklawaha. Points scaled by number of specimens in each sample.


When ordination is restricted to only fossil assemblages, samples plot as a broadly overlapping cloud (Figure 6). Wakulla and Silver River samples show substantial overlap with one another, with a weak separation along nMDS2. Most Ocklawaha River samples plot within a distinct cluster, separating from the broader Silver and Wakulla River cluster along nMDS1. A number of Ocklawaha River samples, however, still overlap with those of the other rivers. Species scores for L. pilsbryi, Pomacea paludosa, and C. georgiana are generally similar and overlap with the largest cluster of fossil Wakulla River samples. Two species, E. floridensis and N. wetherbyi, plot in a region of ordination space where Wakulla and Silver River samples overlap. Planorbella duryi, P. trivolvis, and P. hendersoni plot at similar scores as the cluster of Ocklawaha River samples.
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FIGURE 6. Non-metric Multidimensional Scaling (nMDS) species and sample scores for fossil assemblages exclusively. Wakulla River samples in blue, Silver River samples in gray, and Ocklawaha River samples in black.


If introduced species are removed from analyses and ordinations, live samples still exhibit higher dominance, lower richness, and lower rarefied diversity than fossil samples (Supplementary Figures 2, 3). In ordination space, there is still separation between the live samples of both river systems primarily along nMDS2 (Supplementary Figure 4). Whereas like Wakulla samples still separate from fossil samples along nMDS1, many live Silver/Ocklawaha samples instead now separate along a combination of nMDS1 and nMDS2. Among species scores, E. floridensis plots distinctly separate, roughly coinciding with the clustering of live Wakulla samples, likely due to their heavy abundance in these samples. Three species, C. georgianus, P. paludosa, and L. pilsbryi separate from other species scores, plotting similarly to one another in the same ordination space as a heavy cluster of fossil Wakulla samples and relatively near live Silver and Ocklawaha samples.


Comparative Local and Regional Faunal Context

Regional, county-level, or watershed-level occurrences are often recorded for live mollusks. However, except for species of special ecological interest (i.e., endangered species, harmful invasives, critical food source for endangered birds, etc.), live mollusks are rarely documented via quantitative sampling and are often relegated to passing mentions in larger faunal surveys. Because their shells have high preservation potential, however, mollusks are more readily recorded in the freshwater fossil record of Florida, and often documented in detail when found in fossil deposits (Portell et al., 1995; Karrow et al., 1996; Auffenberg et al., 2006; Kittle and Portell, 2010; Portell and Kittle, 2010). Below, we compare general abundances of species in our study with their previously published records in present-day local and regional river systems as well as in fluvial (or fluvial-adjacent) Pleistocene fossil deposits of Florida.

The comparative data from other fossil sites in the region includes three sites that are summarized here briefly. The first fossil locality, the Page-Ladson site, lies on the Aucilla River in Jefferson County, approximately 30 km SE of the sampled Wakulla River sites (Auffenberg et al., 2006). Fossiliferous deposits containing freshwater mollusks were radiocarbon dated to between ∼12,500 and 9,950 BP (Auffenberg et al., 2006; Webb and Dunbar, 2006). The paleoenvironment was interpreted as having been shallow (< 3 m) and freshwater (Auffenberg et al., 2006). The second locality, the Oldsmar site in Pinellas County, contains a non-marine, fossiliferous clay and sand layer of the late Pleistocene Fort Thompson Formation (Karrow et al., 1996) and lies approximately 150 km SW of sites sampled along the Silver and Ocklawaha Rivers. This non-marine layer was interpreted as having formed in near-coastal, poorly drained marsh, pond, and stream paleoenvironments (Karrow et al., 1996). The third locality, the basal layer in the Leisey Shell Pits in Hillsborough County, contains dark, organic-rich sediment with freshwater and estuarine mollusk fossils of the middle Pleistocene Bermont Formation (Bogan and Portell, 1995; Portell et al., 1995). The site lies about 175 km SW of the sampled Silver and Ocklawaha River sites. Paleoenvironment is interpreted as having been a protected bay or lagoon fed by an adjoining large river, likely the source of the freshwater fossil material (Portell et al., 1995).

Compared to their fossil presence, most native, freshwater species saw a reduction in their modern geographic ranges with many undergoing local extirpation from the Silver, Ocklawaha, and Wakulla Rivers, though persisting within the broader region. Two prominent introduced, freshwater species (C. fluminea and M. tuberculata) were documented first appearing in the Florida Gulf and St. Johns River watershed between 1960 and 1973 (Heard, 1964; Schneider, 1967; Clench, 1969; Daniel et al., 2021). The euryhaline V. usnea has also been documented in the fossil record of Florida and nearby regions (Kittle and Portell, 2010; Czaja et al., 2019). A full listing and discussion of all species is available in Table 2 and Supplemental Discussion (“Expanded Comparative Local and Regional Faunal Context”).




DISCUSSION


Diverging Live Communities

Changes in the live communities of these rivers appear to reflect environmental and anthropogenically-related impacts to these fluvial ecosystems. In both river systems, the faunal composition of live mollusk associations has diverged from that observed in fossil assemblages, as demonstrated by statistically significant (Table 3) separation of live and fossil samples in the ordination space (Figure 5). These rivers have also become faunally dissimilar from one another through the differential loss of native freshwater species, the regionally variable spread of the introduced species M. tuberculata and C. fluminea, and encroachment of V. usnea into the coastally influenced lower Wakulla River. Whereas the decline in freshwater mollusk diversity was previously suggested based on fossils in Florida (Auffenberg et al., 2006), this study demonstrates that different river systems experienced diverging compositional shifts that resulted in increased faunal heterogeneity on a regional scale.

The compositional divergence in live communities of the two rivers is not solely a consequence of the modern presence of introduced species, but also represents changes in the remaining native, freshwater community. When introduced species are excluded, most live samples still separate by river system along nMDS2 (Supplementary Figure 4). Live samples also separate from fossil samples in the ordination space. As most of the species lost from modern assemblages were shared between the two river systems, divergence documented in live samples is likely caused by changes in the presence and relative abundance of the remaining native species. When introduced species are excluded, the freshwater communities of the two rivers are increasingly dominated by either E. floridensis, N. wetherbyi, or a combination of the two. In the Silver and Ocklawaha Rivers, C. georgiana also remains a notable component of the community at a relatively limited number of sites compared to the more widely dispersed E. floridensis.

In addition to invasive species, the native freshwater community may be responding to climate and anthropogenic factors including habitat loss, decreasing waterflow, excessive nutrient input, salinity fluctuations, and other impacts (Turner and Rabalais, 1991; Loper et al., 2005; Brainwood et al., 2006; Turner et al., 2006; Lysne et al., 2008; Liu et al., 2009; Heffernan et al., 2010; Donoghue, 2011; Bricker et al., 2014; Camp et al., 2014; Hong et al., 2014; Liebowitz et al., 2014; Freshwater Mollusk Conservation Society, 2016; Lauretta et al., 2019; Reaver et al., 2019). Invasive species (molluscan and non-molluscan) may directly or indirectly affect the native freshwater community through competition for resources, habitat alteration, or increased predation pressures (Isom, 1986; Leff et al., 1990; Wingard et al., 2008; Nico et al., 2009; United States Fish and Wildlife Service, 2014; Valentine-Darby et al., 2015; Ferreira-Rodriguez et al., 2016).



Fossil Community Composition

The composition of fossil communities provides a historical perspective to spring and river ecosystems critical for making informed restoration and conservation decisions. Fossil assemblages show similarity in faunal composition, despite the considerable distance (> 250 km) between the two studied river systems. Almost all fossil species present are shared between the two systems, with those absent from the Wakulla relatively rare in Silver/Ocklawaha samples. Given that radiocarbon dates on mollusk fossils coincide with the activation of spring flow across much of Florida (Balsillie and Donoghue, 2011; Donoghue, 2011; O’Donoughue, 2015; Kusnerik et al., 2020), the observed faunal resemblance of the two relatively distant river systems suggests that Florida springs and rivers were initially colonized by a similar suite of mollusks, reflected in the similarity of their fossil assemblages. Many fossil species identified in this survey have also been documented in freshwater fossil assemblages elsewhere in Florida (Karrow et al., 1996; Auffenberg et al., 2006), further suggesting that similar mollusk assemblages populated multiple Florida springs and rivers during the late Pleistocene-early Holocene.

Fossil samples from the Silver and upper Wakulla Rivers show a high degree of compositional fidelity, with many samples overlapping in ordination space (Figures 5, 6) suggesting the headsprings and upper reaches of the two rivers hosted similar mollusk communities in the past. Species shared in relatively high abundances between the two regions include E. floridensis, N. wetherbyi, and C. georgiana, all endemic to the southeastern United States (Figures 5, 6; Clench, 1962; Chambers, 1990; Thompson, 1999). Ocklawaha River samples form a more distinct cluster in the ordination space, perhaps because its fossil assemblages record more downstream communities rather than those of the headspring and upper river reaches. The interpretation of the Ocklawaha River samples as representing downstream mollusk associations, distinct from those of the headspring is further supported by their proximity in the ordination space (Figures 5, 6) not only to fossil samples from the lower Silver River (as expected given their close geographic proximity), but also those of the lower Wakulla River. These Silver and Ocklawaha Rivers samples are similar in terms of comparably moderate proportional presence of T. aequicostata and P. duryi. Compositionally similar Ocklawaha and Wakulla Rivers samples share high relative abundances of P. paludosa and C. georgiana, perhaps reflecting a preference of both species for soft substrates and slower water flows than typically found in upstream or headspring environments (Duch, 1976; Katoh and Foltz, 1994).

Whereas the changes in assemblage diversity documented in this study (reduced live species richness, increased fossil beta diversity, etc.) may be attributed to temporal- and spatial-averaging of fossil samples, the magnitude of those changes make this explanation unlikely. Fossil assemblages reflect long-term accumulations of shell material formed through time-averaging and post-mortem transport (Eagar, 1978; Kusnerik et al., 2020). These patterns would inflate alpha diversity, with a more pronounced effect in downstream areas that receive post-mortem accumulations from upstream regions. This would also reduce beta diversity between sites, as greater spatial and temporal mixing would make sites appear more similar to one another. Whereas this explanation (temporal- and spatial-averaging of fossil samples) for the perceived patterns is possible, the effects of these biases is expected to be much less dramatic (Tomašových and Kidwell, 2009, 2010) than those observed in this study, suggesting the effects documented in this study should not be attributed primarily to time-averaging and post-mortem transport.



Conservation and Restoration Management Suggestions

Conservation managers should evaluate the benefits and feasibility of targeted conservation or reintroduction of critical, freshwater species. In particular, unionid mussels are a bellwether of environmental or ecological conditions in freshwater systems, being sensitive to changes in salinity, water chemistry, and other environmental factors (Williams et al., 2014). A robust, diverse mussel population in a system is often evidence of a healthy environment, while their loss indicates the opposite. Even if an ecosystem is restored, any loss of unionid mussels also sees the loss of related ecosystem services including enhanced water filtration, nutrient recycling and storage, and habitat and substrate modification (Vaughn, 2018). The fossil and death assemblages may provide critical information on past occurrences of unionid species, documenting their historical ranges and providing a context to where reintroduction may prove most successful (Haag and Williams, 2013).

Many freshwater species documented in this study were once present in these river systems, either historically or prehistorically, but are missing from the living record due to a local extirpation. As many of these mollusk species persist regionally, their return would bolster biodiversity in these river systems. Anthropogenic reintroductions of macroinvertebrate populations may improve restoration outcomes, particularly in systems suffering from depauperate local populations where self-recolonization is difficult (Jourdan et al., 2018). These efforts have already been documented at the Wakulla River, anthropogenic reintroduction of P. paludosa populations in the early-to-mid 2000 (Darby et al., 1997; Loper et al., 2005; Wakulla Springs Alliance, 2021). Fossil and death assemblage records may provide the most complete assessment of which species might be suitable targets for reintroduction, based on their previous occurrences in these freshwater systems.

Restoration, conservation, and reintroduction efforts will also benefit from ongoing efforts to reduce harmful environmental stressors. Impacts to Florida’s freshwater systems are many and varied but notably include increasing withdrawal of groundwater, nutrient runoff and related harmful algal blooms, and human-induced changes in shore erosion and sedimentation rates (Florida Department of Environmental Protection, 2007, 2014). The negative impacts from these stressors degrade the environmental health of these systems, making them more susceptible to larger perturbations and decreasing the success of any reintroduction efforts (Jourdan et al., 2018). Continued monitoring of conditions in the springs, rivers, and adjacent terrestrial settings, as well maintaining many ongoing efforts to mitigate these effects, will enhance the long-term success of conservation and restoration efforts among freshwater faunal communities.

Finally, this study provides a historical perspective on the emerging ecological role of introduced species in spring-fed Florida rivers, thus emphasizing the importance of continued monitoring of those species and mitigating their impacts on freshwater systems. Florida has more non-native wildlife species than any other state (Hardin, 2007), and their effects on native populations and ecosystems should be monitored to prevent negative effects. Among introduced mollusks, C. fluminea populations must be maintained at low enough abundances to avoid negatively impacting populations of unionid mussels through competition for resources and overcrowding (Isom, 1986; Leff et al., 1990; Vaughn and Spooner, 2006; Ferreira-Rodriguez et al., 2016, 2018). Other introduced faunas may not directly compete for resources but cause negative impacts on native populations through habitat alteration, as in the burrows of the suckermouth armored catfish (Loricarridae) causing destructive shoreline erosion and sedimentation (Nico et al., 2009).

The impacts of invasive species mitigation must also be considered by conservation managers. Combating the spread of invasive aquatic plants such as Hydrilla has been an ongoing effort in many Florida freshwater environments, including Wakulla Springs. Unfortunately, more traditional removal methods such as mechanical harvesting has been documented to negatively impact native mollusk and other macroinvertebrate populations (Van Dyke, 2019). Alternative control methods, such as herbicide drip systems, reduced this impact but also highlighted the effects that some invasive species mitigation efforts have on other components of freshwater ecosystems (Van Dyke, 2019).



Effects of Sea-Level Changes

Rising sea levels in the Gulf of Mexico (Donoghue, 2011) leave the tidally influenced lower Wakulla River increasingly susceptible to increased salinization (Hong et al., 2014) and more vulnerable to storm surges from hurricane and storm events (Bromirski and Kossin, 2008; Knutson et al., 2019, 2020; Kossin et al., 2020). Storm surges and salinity disruptions like those documented in the modern Wakulla River are hypothesized to have previously caused the local loss of many freshwater taxa at the Page-Ladson site sometime after 9,950 cal BP, the youngest recorded deposits at the site, leading to the depauperate mollusk faunas of the modern Aucilla River (Auffenberg et al., 2006). In the lower Wakulla River, the mollusk community has been altered by the encroachment of saline waters, which displaced saline-intolerant native species that were replaced by taxa more tolerant of oligohaline conditions (Lewis et al., 2009; Hong et al., 2014).



The Value of State Parks

The upper Wakulla River may serve as a partial refugium for less saline-resilient freshwater species, as it is buffered from the effects of sea level rise and increasing salinity, and more protected from direct human impacts by the surrounding Edward Ball Wakulla Springs State Park. Numerous strategies for preserving the headspring and Wakulla River are being considered or implemented (Loper et al., 2005; Florida Department of Environmental Protection, 2007, 2020; Howard T. Odum Florida Springs Institute, 2014).

The Silver River has experienced substantial, protracted, anthropogenic impacts over at least two centuries. Although development of the springs as a tourist destination began as early as the 1820s, large changes between 1924 and 2013, including the addition of gas-powered glass bottom boat tours, exotic animal exhibits, a waterpark, and other attractions likely left lasting impacts on the aquatic communities of the headspring and river (Berson, 2011). In 2013, the Florida Park Service took control of property around the headspring, merging it with an existing, adjacent park to form Silver Springs State Park. With the addition of the headsprings, the Silver River and much of the Ocklawaha River now lie within a continuous stretch of State Park or state-managed lands, enabling more effective conservation efforts to address environmental challenges related to decreasing water flow, excessive nutrient runoff, and the impact of the Rodman/Kirkpatrick Dam on the Ocklawaha River and its tributaries (Shuman, 1995; Munch et al., 2006; Noll and Tegeder, 2011; Florida Department of Environmental Protection, 2014; Bi et al., 2019). Although no studies have documented how the recent incorporation of the headspring into the larger state park has impacted the aquatic communities, the removal of many of the attractions will likely reduce the direct anthropogenic impact on the river, possibly enabling recovery and restoration of the freshwater mollusk species that remain.

This study supports the importance of evaluating, maintaining, and expanding of the ongoing conservation and restoration strategies for Florida’s freshwater spring and river ecosystems, including connection of protected lands/waterways, management of invasive species, and preservation of existing fluvial and riparian buffers (Castillo et al., 2016). The State Parks, and similarly managed lands, likely enhance the resilience and long-term diversity of freshwater habitats. Protection of these regions should be maintained and, if possible, enhanced through increased safeguards and expansion. The creation or expansion of managed areas around critical headspring regions can provide increased buffer zones, mitigating the impacts of harmful human or natural perturbations (De Freese, 1995). Expansion of these areas may also enhance connections between managed lands. These connections provide critical aquatic wildlife corridors, reducing habitat fragmentation and ensuring populations can move freely along and between waterways. Aquatic wildlife corridors and interconnected waterways are critical for population flow among fluvial species and may allow for natural recolonization following local extirpation events (Jourdan et al., 2018). Fluvial connections may also be restored through the removal of human-related impediments such as dams, artificially channeled rivers, and similar features which prevent freshwater species from accessing potential habitats. Reducing these barriers will become increasingly important, allowing populations to move within and between waterways, as available habitable space shrinks due to sea level rise, salinity fluctuations, pollutant perturbations, and other direct and indirect anthropogenic influences already affecting the springs and rivers in the region (Loper et al., 2005; Hong et al., 2014) and across other parts Florida (Walsh, 2001; Endries et al., 2009; White and Crisman, 2014).



Spatial, Temporal and Fossil Record Considerations

The results reported here should be considered in the context of the spatiotemporal resolution of the fossil record. While radiocarbon dating (Kusnerik et al., 2020) suggests that a continuous record of mollusk associations from the Pleistocene to today is absent from sample intervals, the presence of mid-to-late Holocene shells in death assemblages suggests these younger fossil deposits are present but less abundant than the more heavily sampled late Pleistocene-early Holocene deposits (Kusnerik et al., 2020).

Because of time-averaging, fluvial fossil samples are temporally mixed over hundreds to thousands of years, thereby combining specimens of dramatically different ages (Kusnerik et al., 2020). Pooling of live data from multiple seasons and years into a single sample, as was done in this study, mimics to some extent the time-averaging that characterizes fossil samples (Peterson, 1977; Martin et al., 2002). Additionally, the results reported here represent a regional case study and their broader applicability needs to be validated and refined in future studies in other river systems before this approach can be applied on larger geographic scales and in a more diverse array of habitats. For a more detailed discussion on resolution consideration, refer to Supplemental Discussion “Extended Spatial, Temporal, and Fossil Record Considerations.”




SUMMARY

Analyses of live and fossil freshwater assemblages demonstrated that past mollusk associations were more diverse and more homogeneous in faunal composition, compared to depauperate and spatially heterogeneous mollusk associations that exist in Wakulla, Silver, and Ocklawaha Rivers today. This shift in composition reflects increasing presence of non-native species (especially M. tuberculata and C. fluminea), extirpation of many native freshwater species, fundamental changes in the relative abundance of surviving native taxa, and increasing salinity disruptions in coastally influenced regions of Florida rivers. The findings support strategies for mitigating these impacts through preservation and restoration of critical springs and rivers including: (1) expansion of protected zones such as State Parks and state-managed lands, (2) reintroduction and/or conservation of critical native species including P. paludosa and unionid mussels, (3) reduction of stressors including input of nutrient-laden runoff and groundwater withdrawals, and (4) evaluation of the impact of invasive species on native communities (Loper et al., 2005; Munch et al., 2006; Florida Department of Environmental Protection, 2007, 2014, 2020; Howard T. Odum Florida Springs Institute, 2014; Wetland Solutions Inc, 2014; Florida Department of Environmental Assessment and Restoration, 2015). The conservation paleobiology approach used in this study reinforces the importance of considering the long-term history of local ecosystems and highlights the utility of the fossil record in providing a historical perspective that extends farther than provided by most modern surveys or written records. Comparison of fossil and modern communities can provide a perspective that enables the recognition of long-term faunal changes in altered, imperiled, or at-risk ecosystems to provide guidance for restoration, conservation, and/or mitigation.
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Comparisons of life and death assemblages are commonly conducted to detect environmental change, including when historical records of live occurrences are unavailable. Most live-dead comparisons focus on assemblage composition, but morphology can also vary in species with environmental variables. Although live-dead morphologic comparisons are less explored, their data could be useful as a proxy in conservation paleobiology. We tested the potential for geometric morphometric data from live-and dead-articulated Stewartia floridana (Bivalvia: Lucinidae) to serve as proxies for seagrass occurrence and stability. The study area is at the northern end of Pine Island in Charlotte Harbor, FL, United States, an estuarine system with substantial seagrass loss in the 20th century and subsequent partial recovery. The area sampled has had relatively stable seagrass occurrences since at least the early 2000s. Live and dead-articulated S. floridana samples were collected from two transects through a patchy seagrass meadow, with sampled sites ranging from bare sand to 100% seagrass cover. Dead-articulated specimens were also collected from three adjacent transects. Live S. floridana shape covaried significantly with seagrass taxonomic composition and percent cover at the time of collection based on two-block partial least squares analysis, although shape differences between seagrass end members (100% Halodule wrightii and 100% Syringodium filiforme) were not significant by multivariate analysis of variance (MANOVA). Instead, specimens from 100% H. wrightii had significantly greater Procrustes variance. Live S. floridana shape data placed in categories describing seagrass stability over 6 years prior to sampling (and reflecting sclerochronologic estimates of maximum longevity) differed significantly based on MANOVA. For live and dead S. floridana from the same transects, shape differed significantly, but allometric trends did not. In addition, patterns of morphologic variation tied to seagrass stability were detected in dead-articulated valve shape. Dead shells from adjacent transects differed significantly in shape and allometric trend from both live and dead specimens collected together. We infer that morphometric differences recorded fine-scale spatial and temporal patterns possibly tied to environmental change. Therefore, geometric morphometrics may be a powerful tool that allows for death assemblages to track seagrass distributions through time prior to systematic monitoring, including in areas under high anthropogenic stress.
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INTRODUCTION

Conservation paleobiological approaches that incorporate death assemblages are essential sources of geohistorical data in restoration and conservation studies (e.g., NRC, 2005; Kidwell, 2007, 2013; Dietl and Flessa, 2011; Dietl et al., 2016; Smith et al., 2020), because they can detect community alteration from a variety of timescales, even over a decade or less (e.g., Ferguson, 2008; Poirier et al., 2010; Dietl et al., 2015 and references therein). In addition, live-dead assemblage comparisons can record community reorganization in the recent aftermath of anthropogenic stress (Kidwell, 2007, 2013; Ferguson, 2008; Dietl and Flessa, 2011; Yanes, 2012; Dietl et al., 2015; Dietl and Smith, 2017; Michelson et al., 2018; Tweitmann and Dietl, 2018), invasive species introductions (e.g., Kokesh and Stemann, 2022), and remediation efforts (Gilad et al., 2018; Leonard-Pingel et al., 2019). Death assemblage data can also be used when longer timescales (10–103 years) are needed or when historical records of live occurrences are unavailable to track responses to environmental drivers of ecological change or to disentangle environmental covariates of anthropogenic alteration (e.g., Dietl and Smith, 2017; Gilad et al., 2018; Tweitmann and Dietl, 2018; Leonard-Pingel et al., 2019).

Most live-dead comparative studies document differences in assemblage taxonomic composition, whereas morphologic comparisons, other than size-frequency distributions (e.g., Cummins et al., 1986; Tomašových, 2004; Archuby et al., 2015; Comay et al., 2015; Fuksi et al., 2018), are largely unexplored (although refer to Bush et al., 2002; Krause, 2004). The use of geometric morphometrics as a potential pollution monitoring tool in live-collected mollusks, alone or in combination with other biomarkers, has been increasingly examined, because the techniques are relatively inexpensive (Ambo-Rappe et al., 2008; Harayashiki et al., 2020a,b; Scalici et al., 2020). For example, several studies examine shell shape changes in the limpet Lottia subrugosa relative to pollution gradients and attempt to associate shape changes with metal uptake in shells, enzymatic activity, DNA damage, and lipid peroxidation (e.g., Begliomini et al., 2017; Gouveia et al., 2019; Harayashiki et al., 2020b). Similarly, Ambo-Rappe et al. (2008) described morphologic differences and higher shell asymmetry in Anadara trapezia from seagrass beds exposed to heavy metal contamination, and Scalici et al. (2020) documented geometric morphometric patterns in Mytilus galloprovincialis associated with protein nitration values, polycyclic aromatic hydrocarbon levels, and metal contamination. Although some of these studies used historical live-collected specimens and/or specimens from archeological middens as controls (Harayashiki et al., 2020a for Lottia subrugosa; Márquez et al., 2017 for Buccinanops globulosus), previous studies have primarily focused on live collected specimens from spatially separated polluted and unpolluted areas. Consequently, some environmental variables that could also affect shell shape might not be factored in, including the influence of predators, wave and tide exposure, oxygen levels, temperature, salinity, primary productivity, and variations in water geochemistry affecting calcium carbonate mineral stability (Green et al., 1989; Sokołowski et al., 2008; Neo and Todd, 2011; Comay et al., 2015; Harayashiki et al., 2020b).

Here, we use Stewartia floridana (Bivalvia: Lucinidae) from Charlotte Harbor, FL, United States to (1) test for a geometric morphometric signal of seagrass cover (i.e., seagrass species present and percent of each that covered the site bottom) and for seagrass stability (i.e., number of years that seagrass covered a site prior to sampling) among live-collected shells, (2) test for signal persistence in individuals recovered dead but still articulated from the same sample sites to control for environmental factors that may vary spatially and that could influence morphology, and (3) document the spatial scale of morphological differences by comparing live and dead-articulated shells from the same sites with dead-articulated shells from adjacent sites. Our approach focusing on spatial and temporal resolution in a single seagrass meadow, therefore, circumvents some limitations of previous studies using shell shape as a pollution indicator and instead uses morphology to test a proxy for seagrass coverage both temporally and spatially.

Our findings may be of use for conservation managers, because lucinids play a critical role in seagrass health as the most common chemosymbiotic, infaunal bivalves to inhabit these environmentally sensitive ecosystems worldwide (van der Heide et al., 2012). Seagrasses provide biotic (e.g., primary production, habitat, and nutrient cycling) and abiotic (e.g., sediment stabilization, wave attenuation, and carbon sequestration) ecosystem services to coastal environments nearly worldwide (Duarte, 2002; Orth et al., 2006; Waycott et al., 2009). Because of their environmental sensitivity and ecologic importance, data on seagrass species composition, coverage, and density are commonly used as key ecological components for monitoring ecosystem function (Fourqurean et al., 2002; Orth et al., 2006). For instance, seagrass and other submerged aquatic vegetation (SAV) are extensively used as part of the Comprehensive Everglades Restoration Plan (CERP) to monitor changes in and responses to regional hydrology (USACE, 2019). The Charlotte Harbor Estuary system on the Florida Gulf Coast is immediately north of the Caloosahatchee River Estuary, a drainage pathway for Lake Okeechobee and part of CERP.

Because of the dynamic nature of seagrass distributions due to both natural and anthropogenic factors, a proxy preservable in death assemblages may be able to track seagrass distributions prior to the start of monitoring in a region, as taphonomic inertia (i.e., lag in time it takes for a new community to dilute older communities preserved in death assemblages, Kidwell, 2007) may preserve the signal of seagrass substrates through time. For instance, seagrass monitoring in Charlotte Harbor only began in 1988 (Beever et al., 2011), with estimates of seagrass distributions extending to the 1940s (Harris et al., 1983; Corbett and Madley, 2007). As an inhabitant of intertidal to shallow subtidal seagrass habitats along the western coast of Florida (Fisher and Hand, 1984; Taylor and Glover, 2016, 2021), S. floridana could provide an excellent opportunity to test shell morphometric variation attributed to recent geohistorical and, potentially, paleoenvironmental, changes in seagrass habitat conditions.



MATERIALS AND METHODS


Location Description

The study area encompassed 2,500 m2 directly west of Bokeelia Fishing Pier at Bocilla Island Seaport (N 26.710, W 82.164), at the northern end of Pine Island, FL, on the southern margin of Charlotte Harbor (Figures 1A,B). Charlotte Harbor is the second largest open estuary in Florida, includes three National Wildlife Refuges, and nearly 22,000 ha of state-owned land that were purchased beginning in the 1970s as conservation buffers (Corbett and Madley, 2007). The first Charlotte Harbor Surface Water Improvement and Management Plan was adopted in 1993 and updated in 2000 (Garcia et al., 2020). Although the estuary has been affected in the last century by anthropogenic activities, including phosphate mining, groundwater withdrawal leading to decreased streamflow, and increased nutrient concentrations from wastewater and agricultural runoff (McPherson and Halley, 1996; McPherson et al., 1996; Corbett and Madley, 2007; Tomasko et al., 2020), Charlotte Harbor has not experienced major environmental degradation compared to other Florida estuaries (Garcia et al., 2020). Water clarity remains high (Ott et al., 2006), and the estuary is generally unaffected by nutrient loading or high phytoplankton levels (Greenawalt-Boswell et al., 2006; Julian, 2015; Dixon and Wessel, 2016), although low levels of contamination from heavy metals and polychlorinated biphenyls have been reported (Julian, 2015).
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FIGURE 1. (A) Regional map showing the location of Pine Island relative to Florida. (B) Location of study site on Pine Island indicated by a box labeled with a C. (C) Map of transects and sampled sites in Bokeelia, with symbols reflecting multiyear seagrass stability categories described in Supplementary Table 1 (sand = no seagrass cover; seagrass = complete seagrass cover; transitional = partial seagrass cover). Sites where porewater were collected for geochemistry are indicated by an open circle.


The relatively protected embayment we sampled hosts a narrow strip of discontinuous seagrass (Beever et al., 2011; Yarbro and Carlson, 2016) that has been relatively stable in the past 20 years (Harris et al., 1983; Corbett et al., 2005; Corbett, 2006; Greenawalt-Boswell et al., 2006; Corbett and Madley, 2007; Beever et al., 2011; Brown et al., 2016; Yarbro and Carlson, 2016; Tomasko et al., 2018). Commonly cited causes of seagrass loss in this estuary include human population growth with associated nutrient enrichments in adjacent coastal waters leading to phytoplankton increases and light attenuation, salinity changes due to decreased riverine input, and physical disturbances such as construction of the Intracoastal Waterway and the Sanibel Bridge, as well as propeller scarring (e.g., McPherson et al., 1996; Greenawalt-Boswell et al., 2006; Corbett and Madley, 2007; Beever et al., 2011; Brown et al., 2016; Yarbro and Carlson, 2016; Tomasko et al., 2020). Presently, the estuary is targeted for seagrass protection, but there are no planned restoration efforts (Dixon and Wessel, 2016). Nonetheless, there are goals to restore seagrass cover in CERP to the south of Charlotte Harbor, including the Caloosahatchee Estuary, the Southern Coastal System, and Florida Bay, to maintain ecosystem services by hydrologic modifications that will bring drainage patterns in the Everglades back to a more natural state (USACE, 2019).



Seagrass Cover Estimates and Sample Collection

In July–August 2014, five 50-m-long sampling transects were established perpendicular to and starting 5 m from the shoreline in the study area (Figure 1C). Each 50-m transect was surveyed at a 5-m interval (i.e., 10 survey points per transect) using a tape and a compass, with sample site locations subsequently recorded with 3-m accuracy at 0.3-m resolution using a Garmin eTrex Vista H with a wide area augmentation system (WAAS)-enabled global positioning system (GPS) receiver.

At each site, a 30-cm diameter area was examined for type and percent of SAV covering the sediment surface prior to water, sediment, and bivalve sample collection (Goemann, 2015; Long, 2016). A mix of seagrass species (Syringodium filiforme, Halodule wrightii, and Thalassia testudinum) had variable coverage at the sampling sites, ranging from 100% seagrass to bare (vegetation-free) siliciclastic sand (Supplementary Table 1). Seagrass cover was tallied in each site in two ways, first by field identification of seagrass species present at the time of collection and their estimated extent of sediment coverage, and second by geospatial analysis of seagrass stability relative to sclerochronologic estimates of S. floridana maximum lifespan in the study area. The latter was carried out to provide a time window encompassing the scale of accretionary growth in S. floridana shells.

To estimate S. floridana lifespan, we measured the stable oxygen isotope composition of carbonate shell material (δ18Oshell) from two live-collected specimens with the largest and thickest (∼1 mm) shells. The specimens were cut into cross-sections along the axis of maximum growth (Supplementary Figure 1) and embedded in fast-setting epoxy resin (J-B KwikWeld) prior to cutting into thick sections using a Buehler Isomet Low Speed saw equipped with a diamond blade. The thick sections were mounted on glass slides and polished with Buehler Silicon Carbide Powder Grit 600. Growth lines along the outer and middle shell layers were examined under a microscope and photographed with a flatbed laser scanner (HP Scanjet 8300) at 4,800 dpi. Carbonate samples were collected by drilling the outer and middle shell layers approximately 0.6 to 1 mm apart along the direction of accretionary growth using a 0.3-mm carbide drill bit (Brasseler H52.11.003 HP Round Carbide). Samples were sent to the University of Arizona’s Environmental Isotope Laboratory where they were mixed with dehydrated phosphoric acid to obtain δ18Oshell measurements in a KIEL-III automated carbonate preparation device connected to a Finnigan MAT 252 gas-ratio mass spectrometer and using the carbonate standards NBS-19 and NBS-18 to define the VPDB (Vienna Pee Dee Belemnite) scale. Analytical precision (1 sigma) for δ18Oshell values was ± 0.01‰. For specimen SDSM 110467, δ18Oshell values ranged from −1.17 to 0.84‰ (Supplementary Figure 2) and for specimen SDSM 110414 from −1.03 to 1.14‰ (Supplementary Figure 3). Using ImageJ (Abràmoff et al., 2004), higher δ18Oshell values (related to colder months) corresponded to opaque bands, and lower δ18Oshell values (i.e., warmer months) corresponded to translucent bands (Supplementary Table 2). By counting coupled growth bands along the axis of maximum growth for all live-collected specimens, we estimated a maximum lifespan of 6 years for S. floridana in the study area.

Using the estimated maximum lifespan, seagrass distributions were geospatially analyzed to document the distribution of seagrass over the last 7 years. Aerial images of Bocilla Island Seaport for 2007, 2009, 2010, 2012, 2013, and 2014 (2008 and 2011 were unavailable) were downloaded from Google Earth and georeferenced to NAD 1983 UTM Zone 17 in ArcGIS (ESRI, 2014). Seagrass and sand area boundaries were digitized into polygon feature classes to produce spatial overlay maps of seagrass and sand through time (Supplementary Figure 4). Three categories were created to classify sample sites for transects 6 and 7: “seagrass” (6 sites) or “sand” (4 sites) for areas with a stable bottom type for over 7 years and a “transitional” category (10 sites) for areas with seagrass cover for a portion of the 7-year interval (Supplementary Table 1). Across all five transects, most of the 50 sample sites were identified as transitional, but seven were categorized as stable seagrass (of any species) and 12 as stable unvegetated sand (Supplementary Table 1). Stability categories did not always match field-observed seagrass coverage estimates because of the spatial resolution of aerial images, seagrass species density, and accuracy of GPS coordinates.

Bivalve sampling from seagrass habitats was permitted under the Florida Fish and Wildlife Conservation Commission (SAL-14-1599-SR). At each site, a 40-cm deep hole was excavated. Coring was not permitted, and the unconsolidated nature of the substrate prevented controlled sampling by depth. Live and dead-articulated S. floridana specimens were collected after sieving sediments through a 3-mm screen. Dead-articulated S. floridana shells were collected from all the transects. However, because of permit-imposed size and count limits, only live specimens ≥10.16 mm in maximum dimension were collected from all the sampling sites in two transects (labeled 6 and 7 on Figure 1C) and a portion of the sampling sites for a third transect (labeled 10 on Figure 1C). Only live specimens from the two full transects were used in our analyses. Stewartia floridana comprised 81% of live and 58% of dead-articulated bivalves collected (Long, 2016). Up to 26 live S. floridana specimens were recovered per site from transects 6 and 7, which resulted in an estimated maximum population density of 867/m3 of sediment. Sites designated as seagrass and transitional stability categories (Supplementary Table 1) had double the number of live S. floridana as the bare sand stability category, which was similar to the distribution of this species in St. Joseph’s Bay, Florida (Fisher and Hand, 1984). All the specimens incorporated into this study are housed at South Dakota School of Mines and Technology’s Museum of Geology (Long, 2016; available in iDigBio Invertebrate Record Set1).



Aqueous Geochemistry

Acquisition of porewater, in addition to overlying ocean water, was essential to evaluate the solubility of aragonite, the mineralogy of S. floridana shells (Kennedy et al., 1969), in the sediment. Porewater was extracted at 11 sites (Figure 1C), including four from transects 6 and 7, from up to 25 cm below the sediment–water interface using a stainless-steel piezometer and a low-flow peristaltic pump (Geotech Environmental Equipment, Inc., Denver, CO, United States) with non-reactive Geotech Silicone tubing (Green-Garcia and Engel, 2012). This sampling depth corresponded to the general burrowing depth of S. floridana in the study area. Water temperature and pH were measured using an Accumet AP115 meter (Fisher Scientific) with a double-junction combination electrode, and conductivity was measured using an Accumet AP75 probe. Once the pumped porewater parameters stabilized, dissolved oxygen (DO) and sulfide concentrations were measured using the CHEMetrics (Calverton, VA, United States) indigo carmine and methylene blue colorimetric methods, respectively, with a V-2000 Multi-Analyte photometer. The pumped porewater was passed through 0.22-μm Millipore Express™ Sterivex polyethersulfone (PES) membrane filter cartridges into separate, prepared HDPE bottles for inorganic anions and cations. Cation bottles were acid-washed with HCl, and field samples were preserved with trace metal grade nitric acid. Alkalinity, as the concentration of total titratable bases but considered to be bicarbonate and carbonate ion species at local pH, was measured from filtered water by titration in the field using 0.1 N sulfuric acid to an endpoint of pH 4.3. Major anion and cation concentrations were measured with Thermo Fisher Dionex ICS2000 ion chromatographs with accuracy of two standard deviations.

Saturation indices (SIs) for aragonite were calculated using thermodynamic models run in PHREEQC Interactive version 3.1.5 (Parkhurst and Appelo, 1999; Supplementary Table 3). The extended form of the Debye-Hückel equation was used to calculate activity coefficients, because ionic strength values were ≤0.1 M. Solubility products (Ksp) were calculated from mass action equations by using programmed ΔG0 values, according to the equation at standard temperature (25°C) and pressure (1 atm) conditions: [ΔG0 = −RT ln Ksp], where R is the gas constant and T is temperature in Kelvin. The ion activity product (IAP) of the solution was compared to Ksp to determine SI, as SI = log (IAP/Ksp). Undersaturated conditions had SI values <0. Because aragonite solubility could be affected by porewater mixing with ocean water in the sediment because of bivalve borrowing activity, mixing models were run with differing contributions of ocean water and sulfidic porewater end-members.



Morphometric Data Preparation and Transformation

Landmark-based geometric morphometric methods were used to quantify the shell shape and size of live and dead-articulated S. floridana. Only dead specimens ≥10.16 mm in height were used in order to match the minimum size for live specimens (refer to section “Seagrass Cover Estimates and Sample Collection”). Images of left valve interiors were collected using a flatbed scanner (HP Scanjet 8300) at 600 dpi resolution and digitized using tpsDIG2 (Rohlf, 2017). Landmark (LM) placement was based on a simple configuration of seven two-dimensional type 1 and type 2 LMs established by Anderson (2014) to quantify adductor muscle scars, inhalant channel, and pallial line of lucinids (Figure 2). Twenty additional semi-landmarks (SLMs) described the pallial line and the inhalant channel, which is a feature formed by detachment of the pallial line from an elongated anterior adductor muscle. SLMs were obtained by drawing curves from LMs 3 to 4 and from LMs 3 to 5 (Figure 2). In tpsDIG2, each curve was converted to 10 equidistant SLMs with minimized Procrustes distances (Bookstein, 1997; Adams et al., 2015).
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FIGURE 2. Stewartia floridana left valve showing landmark (LM) and semi-landmark (SLM) curves used in this study. LMs are as follows, clockwise from beak: (1) beak, (2) maximum curvature of the dorsal margin of anterior adductor muscle scar, (3) intersection of the anterior adductor muscle scar and pallial line, (4) maximum curvature of the ventral margin of anterior adductor muscle scar, (5) intersection of the posterior adductor muscle scar and pallial line, (6) maximum curvature of the dorsal margin of posterior adductor muscle scar, and (7) tip of the posterior end of the ligament. SLMs include ten equidistant points, each from LMs 3 to 4 and from LMs 3 to 5, along the illustrated curves.


All geometric morphometric analyses were performed using the geomorph (Adams and Otárola-Castillo, 2013; Adams et al., 2021) and Morpho (Schlager, 2015) packages in R (R Core Development Team, 2020). R code and all associated data files (Supplementary Datasets 1–13) are available in the Supplementary Material. Specimens were placed into four datasets: (1) live-only from transects 6 and 7 (Supplementary Dataset 1.txt), (2) dead-only from transects 6 and 7 (Supplementary Dataset 2.txt), (3) live and dead from transects 6 and 7 (Supplementary Dataset 3.txt), and (4) live from transects 6 and 7, dead from transects 6 and 7, and dead from transects 8, 9, and 10 (Supplementary Dataset 4.txt). Each dataset was superimposed with a Generalized Procrustes Analysis (GPA) to produce Procrustes coordinates and centroid size for each specimen.

Stewartia floridana have uninflated valves (Taylor and Glover, 2021), and all the LMs collected were adjacent to the commissural plane. Therefore, the effects of 2D scanning on LM placement were likely minimal, as previous studies have not indicated substantive differences in results between 2D and 3D geometric morphometric analyses (e.g., Cardini, 2014; Buser et al., 2018; McWhinnie and Parsons, 2019; but refer to Cardini and Chiapelli, 2020 for results using large specimens). Nonetheless, to test for possible differences in inflation that could lead to distortion of 2D configurations, we measured valve inflation for all the specimens using calipers with 0.01 mm resolution and performed a Kruskal–Wallis analysis of variance (or its 2-group equivalent, the Mann–Whitney U test) to test for significant differences in inflation in live specimens across the three seagrass stability categories and between live and dead specimens. In addition, LMs on live specimens were more difficult to visualize and digitize, because their valves were more translucent than those of dead specimens (Figure 3). To assess potential effects of data collection error for the live specimens, we digitized a subset of 20 valves twice, superimposed (using the GPA method described above), and analyzed the results using multivariate analysis of variance (MANOVA). Lastly, we tested for outliers in live-only and live-dead pooled datasets after the GPA by plotting Procrustes distance for each specimen from each dataset’s mean shape and examined outliers for digitization errors.
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FIGURE 3. Examples of (A) live and (B) dead specimens showing typical differences in visibility of internal features.




Analyses Using Field Estimates of Seagrass Cover

Live and dead-articulated specimens from transects 6 and 7 were tested separately for an association of shape with seagrass coverage (Supplementary Table 1) with a two-block partial least squares (2B-PLS) analysis (Rohlf and Corti, 2000) with 1,000 iterations for significance testing. For the two largest samples of live specimens, which represented 100% cover by H. wrightii and 100% cover by S. filiforme, we also implemented a MANOVA using Procrustes distances in a residual randomization permutation procedure (RRPP) with 1,000 iterations to test for significant differences in shape. Furthermore, morphologic disparity (i.e., an estimate of morphologic dispersion) was calculated as Procrustes variance of shape coordinates for the end-member samples of live specimens, and 1,000 permutations of pairwise differences were used to test for significance. The presence of significant allometry in the live specimen end-member samples, and differences in allometric slopes between these samples, were also tested with multivariate analysis of covariance (MANCOVA).



Live-Only Morphometric Analysis Using Seagrass Stability Categories

Live specimen shape was tested for an association with seagrass stability categories (i.e., seagrass, sand, and transitional in Supplementary Table 1) with a MANOVA using Procrustes distances in a RRPP with 1,000 iterations, and p-value adjustment of Holm (1979) for post hoc testing. MANCOVA was conducted to test for a significant allometric trend for the whole dataset and differences in trends for each stability category. Furthermore, morphologic disparity (Procrustes variance) was calculated for seagrass stability categories with 1,000 permutations of pairwise differences to test for significance.

A principal components analysis (PCA) of Procrustes shape coordinates was conducted to visualize separation of stability categories without a priori identification of groups. Canonical variates analysis (CVA) and jackknife cross-validation resampling of Procrustes shape coordinates were carried out to estimate statistical support of stability category assignments. Allometric relationships of stability categories were visualized by plotting regression scores against Log(Centroid Size) and by plotting Log(Centroid Size) against CV1 scores. Thin plate spline (TPS) deformation grids with displacement vectors were used to visualize shape changes along canonical variate (CV) axes.



Live-Dead Morphometric Comparisons

Two sets of live-dead comparisons were conducted: one 2-group comparison for live and dead specimens collected from transects 6 and 7 and a 3-group comparison for live specimens from transects 6 and 7, dead specimens from transects 6 and 7, and dead specimens from the three adjacent transects (8, 9, and 10). For each comparison, MANOVA using Procrustes distances in a RRPP with 1,000 iterations and p-value adjustment of Holm (1979) for post hoc testing were conducted to test for significant differences among the groups. In addition, PCA was performed to visualize morphologic separation of groups without a priori group identification. Discriminant function analysis (DFA) (for the 2-group comparison) or CVA (for the 3-group comparison) was applied, and a jackknife cross-validation was conducted to test the support of DFA and CVA results. TPS grids with displacement vectors were constructed to examine shape variation along the discriminate function (DF) axis or CV1. As with live-only datasets, pairwise differences in Procrustes variances of shape coordinates were calculated, and 1,000 permutations were used to test for significant differences in morphologic disparity among the groups. Allometry was examined with a MANCOVA for both the 2-group and 3-group comparisons. Allometric trends were visualized by plotting regression scores against Log(Centroid Size) and by plotting Log(Centroid Size) against DFA (2-group) or CV1 (3-group) scores. In addition, for the live and dead specimens from transects 6 and 7, a 6-group CVA that assigned specimens to stability categories was performed with jackknife cross-validation, as well as a MANOVA using Procrustes distances in a RRPP with 1,000 iterations, and p-value adjustment of Holm (1979) for post hoc testing.




RESULTS


Morphometrics Error Testing

Several error tests were conducted prior to in-depth morphometric analyses. First, we found that shell inflation did not differ significantly between the live and dead specimens (Mann–Whitney, p = 0.12). However, when the live specimens were examined alone, those assigned to the sand stability category were significantly different (and were less inflated) from specimens in both the seagrass and transitional categories (Kruskal–Wallis, p = 0.02). As a result, we took this difference into consideration when interpreting TPS grids. Second, although muscle scars were more difficult to image for more translucent, live-collected specimens (Figure 3), MANOVA results indicated that digitization errors in LM placement were minimal (p > 0.05). Lastly, the live-only and live + dead datasets were tested for outliers. For the live-only dataset, three specimens with faint muscle scars fell outside of the upper quartile range and were removed, because their values likely represent measurement error. Reanalysis of both the live-only and live + dead datasets resulted in two outliers detected in the live-only dataset and five in the live + dead dataset. The coordinates digitized for these specimens, however, did not show evidence of error, and these valves were retained in subsequent analyses.



Live-Only and Dead-Only Analyses Using Field Estimates of Seagrass Cover

A 2B-PLS analysis of live specimen shape data (n = 137) against seagrass taxonomic composition and coverage determined at the time of collection showed a significant trend (p = 0.028) from 100% cover with H. wrightii to unvegetated to 100% S. filiforme cover (Figure 4A). There was, however, substantial overlap in shape on the x-axis, and the MANOVA results indicated no significant difference in shape (pCover = 0.189; Supplementary Table 4) for the two seagrass end members (which had the largest sample sizes). Differences in Procrustes variance were significant (p = 0.001), and the variance was higher for H. wrightii sites (4.1 × 10–3) than for S. filiforme locations (2 × 10–3). In addition, the MANCOVA results indicated a significant allometric trend (pLog(CSize) = 0.001) with no significant difference in slopes for the two groups (pInteraction = 0.076; Supplementary Table 4). In summary, there were no consistent differences in shape in the live-collected specimens associated with field-based seagrass cover estimates, although there were significant differences in morphologic variance. For dead-articulated specimens (n = 42) from transects 6 and 7, the 2B-PLS analysis (Figure 4B) was not significant (p = 0.483), although small sample sizes may play a role in reducing statistical power.
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FIGURE 4. Two-block partial least squares analyses of Procrustes shape (x-axis) by seagrass composition and cover at the time of collection (y-axis) for specimens collected in transects 6 and 7. (A) Live specimens (r-PLS: 0.341, p = 0.028, effect size: 2.1957), with each row representing, from top to bottom, 100% Halodule wrightii, 20% H. wrightii/80% bare sand, 10% H. wrightii/90% bare sand, 100% bare sand, 30% Syringodium filiforme/70% bare sand, and 100% S. filiforme. (B) Dead specimens (r-PLS: 0.383, p = 0.483, effect size: –0.0285), with each row representing, from top to bottom, 100% bare sand, 30% S. filiforme/70% bare sand, 20% H. wrightii/80% bare sand, 6% S. filiforme/54% Thalassia testudinum/40% bare sand, 100% S. filiforme, 50% S. filiforme/50% H. wrightii, and 100% H. wrightii.




Live Stewartia Shape vs. Stability Categories

Live S. floridana shell shape differed significantly (MANOVA, pStability = 0.001) among the seagrass stability categories, and although shape had a significant allometric trend (MANCOVA, pLog(CSize) = 0.001), the allometric slopes did not differ significantly among the groups (pInteraction = 0.116; Supplementary Table 5 and Supplementary Figure 5). In addition, CV1 scores, which maximized morphological variation among the categories, did not show allometric variation in the groups (Supplementary Figure 6), indicating that group separation was not related to size-dependent shape variation. Furthermore, Procrustes variances among stability categories were not significantly different (Supplementary Table 6), indicating that specimens from the three categories did not differ in their range of morphospace occupation.

The shapes of specimens from seagrass (n = 56) and sand (n = 26) were significantly different based on MANOVA post hoc tests (p = 0.003), as were the shapes of specimens collected from the sand and transitional (n = 55) categories (p = 0.008), although the transitional specimens were not morphologically distinct from the seagrass specimens (p = 0.332; Supplementary Table 7). PCA scores were consistent with these results, with substantial overlap on PC1 and PC2 (which, combined, described about 50% of the variance, Figure 5A). In addition, although the jackknife cross-validation resampling had a relatively low overall classification accuracy of 40% (refer also to Supplementary Table 8), the CVA exhibited greater separation among the stability categories (Figure 5B) than the PCA. On CV1, which accounted for 66.5% of the variance, scores for transitional specimens were intermediate between those of sand and seagrass specimens. CV2 explained the remaining 33.43% of the variation and represented a partial separation of the transitional specimens from the sand and seagrass specimens. Overall, the CVA suggested that morphologic differences among the groups followed a continuum from areas covered by sand in the 6-year window prior to sampling, to sites with seagrass cover for a portion of that time, and to areas continuously seagrass-covered (Figure 5B).
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FIGURE 5. Plots of (A) principal component axis 1 vs. principal component axis 2 scores and (B) canonical variate axis 1 vs. canonical variate axis 2 scores for live S. floridana assigned to stability categories.


A TPS grid depicting variation along CV1 from seagrass to sand specimens indicated (1) an increased inhalant channel length indicated by deformation around LM 3, LM 4, and adjacent SLMs and (2) a wider and more ventrally positioned hinge and beak area (especially deformation around LM 1 and LM 7) that may indicate decreased shell height (Figure 6A). This pattern would not be expected if the cause of morphologic differences were due to lower inflation of specimens from sand-covered sites. In addition, the variation along CV2 represented, from seagrass to transitional specimens, (1) narrowing and slight shortening of the inhalant channel (deformation associated with LM 3, LM 4, and adjacent SLMs) and (2) decreased shell height (deformation associated with LM 1 and LM 7) (Figure 6B).


[image: image]

FIGURE 6. Thin plate spline (TPS) grid, with vectors showing magnitude and direction of LM and SLM deformation, illustrating the shape variation explained along canonical variate axes for live S. floridana in Figure 5B. Each point represents a LM (numbered 1–7, as presented in Figure 2) or an SLM (not numbered) with vectors that illustrate magnitude and direction of deformation on (A) canonical variate axis 1 (CV1) (66.57% of variance) from the maximum (seagrass) to minimum (sand) score values and (B) CV2 (33.43% of variance) from the maximum (seagrass) to minimum (transitional) score values.




Live-Dead Morphologic Comparisons


2-Group Live-Dead Comparisons

In a PCA of live and dead-articulated specimens from transects 6 and 7, the first two axes explained 48.57% of the variance (PC1: 32.09%, PC2: 16.48%), and scores of the dead and live specimens overlapped on both axes (Figure 7A). However, the MANOVA results indicated significant differences in shape between the two groups (pLive/Dead = 0.001; Supplementary Table 9), and the DFA results had high classification accuracy (81.56%), with the live specimens more often correctly assigned than the dead ones (Supplementary Table 10). A TPS grid showing shape change along the DFA axis from live to dead indicated (1) a narrowing of the inhalant channel (deformation associated with LM 3, LM 4, and adjacent SLMs), (2) a posterior shift of beak and hinge areas (deformation associated with LM 1 and LM 7), and (3) an anterodorsal shift of the posterior region (deformation associated with LM 5, LM 6, and adjacent SLMs) (Figure 8). Furthermore, based on MANCOVA, allometry had a significant effect on shape (pLog(CSize) = 0.001), but the live and dead specimens did not have significantly different allometric trends (pInteraction = 0.291; Supplementary Table 9), although shape diverged slightly as size increased (Figure 9A). A plot of DFA vs. Log(Centroid Size) indicated that differences in DFA scores were not related to allometry (Supplementary Figure 7). The live specimens also had greater Procrustes variance (3.5 × 10–3) than the dead ones (2.1 × 10–3), and the differences were significant (p = 0.004), which can also be seen in the PCA results that showed greater dispersion of the live specimens (Figure 7A).
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FIGURE 7. (A) Plot of principal component axis 1 vs. principal component axis 2 for live and dead S. floridana from transects 6 and 7. (B) Plot of canonical variate axis 1 vs. canonical variates axis 2 for live and dead S. floridana specimens from transects 6 and 7 with each assigned to stability categories.
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FIGURE 8. TPS grid, with vectors showing magnitude and direction of LM and SLM deformation, illustrating the shape variation explained along the discriminate function analysis (DFA) axis (refer to Supplementary Figure 7) from maximum (live) to minimum (dead) scores for specimens from transects 6 and 7. Each point represents an LM (numbered 1–7, as presented in Figure 2) or an SLM (not numbered).
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FIGURE 9. Regression scores vs. Log(Centroid Size) for (A) live and dead specimens from transects 6 and 7; (B) live, dead from transects 6 and 7, and dead from transects 8, 9, and 10.


When both the live and dead specimens from transects 6 and 7 were placed in the stability categories, the MANOVA results indicated significant differences in shape (p = 0.003; Supplementary Table 11), although in the post hoc tests, only 2 pairs of categories were significantly different (live from sand and dead from seagrass and live from seagrass and live from sand, Supplementary Table 12). In a jackknife cross-validation, the classification accuracy was also low (overall ∼33% and ranging from 0 to 42% for individual categories; Supplementary Table 13). In part, the post hoc results may reflect small sample sizes, particularly of the dead groups, as the CVA showed strong separation of live and dead specimens on CV1 (42.86% of variance). However, on CV2 (29.81% of variance), dead specimens had the same order of separation for stability categories as the live ones (which, from negative to positive values, showed a continuum from seagrass to transitional to sand) although with lower variance (Figure 7B).



3-Group Live-Dead Morphologic Comparisons

The addition of dead-articulated specimens from the adjacent transects (8, 9, 10) as a third group (n = 67) produced a PCA with similar variation explained on the first two axes (PC1: 31.51%, PC2 16.48%; Figure 10A). Significant differences in shape among the three groups were found (MANOVA, pLive/Dead = 0.002; Supplementary Table 14), although the post hoc tests indicated that only the comparison of the live with the dead from the adjacent transects was significant (p = 0.006; Supplementary Table 15). Pairwise Procrustes variance comparisons indicated that the live specimens were significantly different from specimens in both dead categories, and that those from the two dead groups were not (Supplementary Table 16). As in the 2-group comparison, the live specimens had higher Procrustes variance. A TPS grid indicated that from live to dead along CV1, the dead specimens had (1) a narrower and shorter inhalant channel (deformation associated with LM 3, LM 4, and adjacent SLMs), (2) reduced shell height, especially posteriorly (deformation associated with LM 1 and LM 7), and (3) a posterior expansion of the posterior portion of the pallial line (SLM deformation ventral to LM 5) (Figure 11). Overall, dead specimens from the same transects were more similar in shape to live specimens than they were to the dead specimens from the adjacent transects.
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FIGURE 10. Plot of (A) principal component axis 1 vs. principal component axis 2 and (B) canonical variate axis 1 vs. canonical variate axis 2 for the 3-group comparison of live and dead S. floridana.
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FIGURE 11. TPS grid, with vectors showing magnitude and direction of LM and SLM deformation, illustrating deformation along CV1 for the 3-group CVA. Deformation shows difference from a live specimen (CV1 = –3.73, CV2 = 0.16) to a dead specimen from transects 8, 9, and 10 (CV1 = 3.4, CV2 = –0.23).


In the CVA, the live and dead specimens separated on CV1 (81.99% of variance), and the dead specimens from transects 6 and 7 separated from those from 8, 9, and 10 on CV2 (18.01% of variance, Figure 10B). The jackknife cross-validation results were relatively low, however, with an overall classification accuracy of 65.04%. The live specimens were correctly assigned 78.10% of the time, but both groups of dead were often incorrectly assigned (45.24% for dead from 6 and 7 and 50.75% for dead from 8, 9, and 10; Supplementary Table 17). Significant allometry (pLog(CSize) = 0.001) was found, and the groups had significantly different allometric trends (pinteraction = 0.002; Supplementary Table 14). This difference was particularly apparent for dead specimens from transects 8, 9, and 10, which had a much shallower allometric slope (Figure 9B). Nonetheless, CV1 scores, which maximize between-group differences, did not have a strong allometric trend (Supplementary Figure 8).





DISCUSSION

Lucinids are important marine infauna that can provide information about changes in habitat conditions through time, particularly in environmentally sensitive seagrass meadows where they may be the dominant bivalve taxon and form symbiotic relationships with seagrasses (e.g., van der Heide et al., 2012; Gilad et al., 2018; Martin et al., 2020). As relatively deep burrowers (Stanley, 1970), lucinids are potentially protected from physical transport and other post-mortem processes that could impact bivalves living closer to the sediment-water interface. Moreover, adult lucinids are unlikely to move (or be moved) large distances once established (Stanley, 1970). Given this potential for fine-scale spatial resolution in live and dead lucinid distributions, we used S. floridana, in a single seagrass meadow, to (1) test for a geometric morphometric signal of seagrass cover and for seagrass stability among live-collected shells, (2) test for signal persistence in dead-articulated individuals from the same sample sites to control for environmental factors that may vary spatially and that could influence morphology, and (3) document the spatial scale of morphologic differences by comparing live and dead-articulated shells from the same sites with dead-articulated shells from adjacent sites.

Seagrasses are important ecosystem engineers of coastal biomes worldwide, host some of the most productive ecosystems on earth, play a critical role in carbon sequestration (Mcleod et al., 2011), and serve as sentinel taxa for ecosystem health (Orth et al., 2006; Waycott et al., 2009; Brown et al., 2016). Seagrass beds are highly impacted by anthropogenic drivers of ecologic change (Halpern et al., 2008), with losses accelerating globally in the latter half of the 20th century (Orth et al., 2006; Waycott et al., 2009). Monitoring seagrass beds can help to understand and mitigate this loss, but systematic programs only began within the last few decades, thereby post-dating the start of anthropogenic impacts to many estuarine systems (Brewster-Wingard and Ishman, 1999; Orth et al., 2006; Cullen-Unsworth and Unsworth, 2016). As baselines shift, it becomes difficult to reconstruct pre-impact conditions, determine original causes for loss, and track historical distributions of seagrasses and other SAV (Fourqurean and Robblee, 1999; Fourqurean et al., 2003). Furthermore, even with restoration and recolonization, the original structure of the seagrass bed ecosystem may not be recovered (Gilad et al., 2018). Therefore, conservation paleobiology approaches have a great potential to track changes in seagrass habitats and characterize parameters that could define a return of ecosystem function.

Our results indicated that S. floridana shape could serve as a proxy for seagrass coverage, as the morphology of live-collected specimens varied significantly with seagrass stability but not necessarily seagrass cover at the time of collection. The shape of live specimens recovered from bare sand differed significantly (e.g., having generally more elongate valves with longer inhalant channels) from specimens recovered from sites covered in seagrass during all or part of the 6 years prior to collection. In contrast, we did not find a significant difference in the mean shape of live specimens from sites covered by specific seagrass species. Instead, specimens from 100% H. wrightii had a significantly greater shape variance, which could be related to more ephemeral occurrences of Halodule spp. in south Florida, as this is an early successional taxon that can tolerate higher nutrient availability and more variable salinities than other seagrass taxa common in the area (Fourqurean et al., 2002, 2003; Fourqurean and Rutten, 2004; Greenawalt-Boswell et al., 2006; Orth et al., 2006; Ferguson, 2008). Our results also indicated that although live and dead specimens from the same transects differed significantly in shape, the morphologic transition from stable seagrass to stable sand in live S. floridana can also be recovered in the dead specimens. Furthermore, the shapes of live and dead S. floridana from the same transects were more similar to each other than to those of dead specimens from the adjacent transects.

Because S. floridana lack hinge teeth, their shells may be prone to disarticulation once the ligament decays, so dead-articulated shells could represent both minimal post-mortem transport and time averaging. Although we do not know the time of death of the dead-articulated S. floridana specimens, the amount of time averaging represented by these specimens, or whether either time of death or time-averaging was different across transects, we initially predicted that the morphology of live and dead-articulated S. floridana would substantially overlap, as this pattern is reported in other taxa even in cases where fossil specimens were incorporated into analyses. For instance, using a geometric morphometric approach, Bush et al. (2002) did not find differences in morphologic variability between live-collected Mercenaria and Pleistocene congeners, although mean morphology did change in association with paleocommunity transitions. Similarly, Krause (2004) found comparable mean shape and shape variability in live and dead-articulated Terebratalia transversa. Our results, instead, indicated significant differences in mean shape and shape variability in live and dead-articulated shells collected from the same sites, even though time averaging and post-mortem transport were minimized using only dead-articulated shells in a species with a moderate life span (up to 6 years) and a relatively deep burial depth (up to 20 cm; Fisher and Hand, 1984). We attribute these differences primarily to a morphologic response of S. floridana to spatially and temporally changing substrate conditions, specifically seagrass stability.

Allometric trends could explain some live-dead shape differences observed, but the role of allometry in among-group shape separation is complicated. Our analyses suggested no significant differences in allometric slopes for live specimens among stability categories or for the 2-group comparison of live and dead-articulated shells from the same transects. There were, however, significant differences in the 3-group comparison that included dead-articulated specimens from different transects. In both the 2-group and 3-group analyses, the slopes of live and dead specimens from the same transects diverged as size increased, so these specimens had greater morphological similarity at smaller sizes. In the adjacent transects, dead individuals had a shallower allometric slope that intersected the other two trends, so smaller and larger specimens diverged in shape from the live and dead specimens from transects 6 and 7. Moreover, we found that the live specimens occupied a larger morphospace that included morphologies outside the range observed in the dead ones, which would not be expected if allometry alone explained the shape differences.

The post-mortem transition from translucent to opaque shells in S. floridana is quite dramatic, and muscle scars on dead, opaque valves were much easier to observe and digitize. For some live specimens, adductor scar positions at earlier growth stages on the accretionary valve were visible above the dorsal margins of adductor scars (we digitized the latest formed positions of the adductor scars in these instances). Such differences could lead to greater variability in shape for live than for dead specimens, which we observed, if that variability is caused by digitization error. However, the MANOVA results indicated that changes in shell translucency did not affect the accuracy of LM placement. In addition, we would not predict that such error would lead to differences in mean shape between live and dead specimens, as we found.

Similar opacity differences between live and dead pteropods are well-documented and linked to aragonite dissolution, which is considered an indicator of ocean acidification (e.g., Bednaršek et al., 2019; Oakes and Sessa, 2020). In pteropods, transition from transparent to milky white can occur within days after death and is associated with soft tissue oxidation before shells sink below the aragonite saturation zone (Oakes et al., 2019). In fact, Oakes et al. (2019) considered post-mortem oxidation of internal organic matter to have a greater impact on shell dissolution than seawater saturation state. Our thermodynamic modeling indicated that fluids with higher pH values were supersaturated with respect to aragonite (Supplementary Figure 9), but one porewater sample from a 100% seagrass site (50% H. wrightii and 50% S. filiforme) was undersaturated with respect to aragonite. From mixing models, porewater could become undersaturated with respect to aragonite if mixed with less than 25% ocean water (Supplementary Figure 9), which could result from processes such as bioturbation (McPherson et al., 1996), or changes in tidal pumping, wave-base circulation, and turbulent sedimentation events. Therefore, potential soft tissue decay and aragonite dissolution in the sediment could explain translucent to opaque alteration for dead shells, but we infer that incipient dissolution is not likely to affect the location, shape, or size of muscle scars in dead shells.

Muscle scars in bivalves have a characteristic microstructure (myostracum; Stenzel, 1963; Kennedy et al., 1969; Lee et al., 2011) composed of aragonite prisms oriented perpendicular to the valve surface (Suzuki and Nagasawa, 2013). Because shells grow by accretion, inner shell layers are laid over the myostracum from earlier formed portions of the valve (Kennedy et al., 1969; Garcia-March et al., 2011; Lee et al., 2011; Nishida et al., 2011). If we assume that dissolution altered the valves from their outer surfaces inward, then we might predict that earlier precipitated myostracal layers would become exposed on dead shells, thereby lengthening adductor scars by shifting LMs that define their dorsal margins in a dorsal direction. Our TPS results, however, indicated an opposite trend in both the 2-group and 3-group live-dead comparisons, except possibly for LM 6 at the dorsal maximum of the posterior adductor scar, which generally is more ventrally positioned in live specimens. Furthermore, other morphologic differences between the live and dead specimens, including changes in shell height (e.g., live were higher), position of the beak and hinge, and the intersection of the pallial line and posterior adductor scar, cannot be related to exposure of myostracum by dissolution. In addition, shape differed between dead specimens from transects 6 and 7 and those from the adjacent transects, which we would not predict if taphonomic alteration is a factor in LM placement. Finally, taphonomic alteration should be greatest for smaller shells (Cummins et al., 1986), which have a larger relative surface area. However, we found that allometric trends of live and dead specimens from the same transects overlapped at small valve sizes and diverged as size increased.

Because live S. floridana shell shape changed on a continuum from stable seagrass to stable bare sand, which also was recorded in dead-articulated specimen shape from the same transects, and because of differences in allometric trends between live and dead specimens from different sampling transects, shell accretionary growth and shape are likely affected by local spatial and temporal environmental changes. The presence and stability of seagrass, as well as overall porewater and seawater chemistry, could be important conditions that influence lucinid growth and respiration. Seagrasses release oxygen from their roots into surrounding sediments (Borum et al., 2007; van der Heide et al., 2012), and the availability of oxygenated water while living in seagrass-stabilized sediment may be higher than in bare sand, which may influence the shape of the inhalant channel as well as overall shell shape. In lucinids, oxygenated ocean water is brought in through a constructed inhalant tube and used by both the lucinid host and chemosymbiotic sulfur-oxidizing bacteria in gill bacteriocytes (Taylor and Glover, 2006). Fisher and Hand (1984), however, did not observe tubes long enough to reach oxygenated ocean water in S. floridana, so the release of oxygen by seagrass rhizomes is likely an important source of oxygen in this species. This may also explain the higher abundance of this taxon in seagrass than in sand in this study, as well as in Fisher and Hand (1984).

Reponses to environmental change, coupled with time averaging that exceeds the scale of that change, likely explains the live-dead shape mismatch observed in S. floridana. Therefore, the morphometric signals we observed have the potential to be used as a proxy to track fine-scale environmental conditions occurring within and across seagrass beds. Although the seagrass beds in Charlotte Harbor have remained stable on an estuary-wide scale for about 20 years, small-scale spatial changes (i.e., at the transect scale) are apparent from our study (Supplementary Table 1 and Supplementary Figure 4) and temporal changes in Halodule and Thalassia percent cover are documented (Greenawalt-Boswell et al., 2006). Use of the S. floridana morphometric proxy could allow for historic distributions of stable seagrass beds in the region to be identified and verified. Furthermore, the proxy may serve to test whether restored seagrass beds have similar environmental conditions and possible ecosystem functions to their predecessors. In these ways, this proxy can contribute to the use of seagrasses as indicator species in areas undergoing ecosystem monitoring and restoration (e.g., USACE, 2019).



CONCLUSION

In recent years, morphology-based metrics for biomonitoring have been increasingly implemented in conservation (paleo)biology studies. Morphometric differences documented in mollusk shells from prior research, however, are complicated by known morphologic responses to a myriad of environmental factors that vary spatially and temporally. We controlled for these factors in a conservation paleobiology approach, by comparing live and dead-articulated specimens of S. floridana from the same sample sites with dead-articulated specimens from the adjacent sites. We found that although the live and dead specimens differ in shape, the shape trends observed in live S. floridana associated with multiyear seagrass stability could also be detected in dead-articulated specimens from the same sites. Furthermore, the morphologic comparisons of live and dead specimens from the same transects with dead-articulated specimens from the adjacent transects indicated fine-scale spatial and temporal shape variation. Geometric morphometrics of death assemblages, therefore, may provide powerful tools for conservation managers to monitor the historical distribution of seagrass habitats and their ecosystem function through time.
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Latest climate models project conditions for the end of this century that are generally outside of the human experience. These future conditions affect the resilience and sustainability of ecosystems, alter biogeographic zones, and impact biodiversity. Deep-time records of paleoclimate provide insight into the climate system over millions of years and provide examples of conditions very different from the present day, and in some cases similar to model projections for the future. In addition, the deep-time paleoecologic and sedimentologic archives provide insight into how species and habitats responded to past climate conditions. Thus, paleoclimatology provides essential context for the scientific understanding of climate change needed to inform resource management policy decisions. The Pliocene Epoch (5.3–2.6 Ma) is the most recent deep-time interval with relevance to future global warming. Analysis of marine sediments using a combination of paleoecology, biomarkers, and geochemistry indicates a global mean annual temperature for the Late Pliocene (3.6–2.6 Ma) ∼3°C warmer than the preindustrial. However, the inability of state-of-the-art climate models to capture some key regional features of Pliocene warming implies future projections using these same models may not span the full range of plausible future climate conditions. We use the Late Pliocene as one example of a deep-time interval relevant to management of biodiversity and ecosystems in a changing world. Pliocene reconstructed sea surface temperatures are used to drive a marine ecosystem model for the North Atlantic Ocean. Given that boundary conditions for the Late Pliocene are roughly analogous to present day, driving the marine ecosystem model with Late Pliocene paleoenvironmental conditions allows policymakers to consider a future ocean state and associated fisheries impacts independent of climate models, informed directly by paleoclimate information.
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Introduction

The most compelling reason to look at deep time climate settings is that future conditions, based upon the most advanced Earth System Models, are outside the human experience (IPCC, 2013, 2021; Hayhoe et al., 2017). Instrumental data extend the climate record back in time by a couple of centuries, and historical or written records of storms, harvest yields, and phenological changes, extend back at most several thousand years for some regions. Deep-time records of paleoclimate provide insight into the climate system over millions of years, sampling conditions very different from the present day, and in some cases comparable to model projections for the future (Dowsett et al., 2012).

Well-known deep time intervals of global warmth include the Cretaceous (∼145–66 Ma) (O’Brien et al., 2017), the Paleocene-Eocene Thermal Maximum or PETM (∼55 Ma)(Zachos et al., 2003), the Miocene Climatic Optimum or MCO (16.75–14.5 Ma) (Burls et al., 2021), and the Late Pliocene or mid-Piacenzian Warm Period known as the MPWP (3.28–3.02 Ma) (Dowsett et al., 2016). The MPWP is particularly relevant to current and future climate policy for several reasons. As one looks back in time the first instance of atmospheric CO2 levels comparable to those of the present day (∼400–415 ppm) occurs approximately 3 million years ago (Ma) within the Piacenzian Age of the Pliocene Epoch, during the MPWP (de la Vega et al., 2020; Rae et al., 2021; Figure 1). Unlike the earlier intervals of global warmth, the relative position of tectonic plates of the Earth’s lithosphere are essentially unchanged over the last 3 million years. The MPWP is the most recent deep-time interval of global warmth, within reach of many methodologies used for analysis of Holocene environments (Dowsett et al., 2013b). Reconstructions of paleogeography, ocean temperatures and global ice volume/distribution have been produced for each of these past examples of global warmth but only the MPWP has an integrated and internally consistent reconstruction of land and sea distribution, topography and bathymetry, sea surface temperature (SST), and land cover including vegetation, soils, lakes and land ice, on a global 1° latitude by 1° longitude scale, constructed in part for use with climate modeling experiments (Dowsett et al., 2016).
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FIGURE 1
Paleoclimate as context for future climate change scenarios. CO2 scenarios associated with different socio-economic pathways (Meinshausen et al., 2020) are shown in color as model projections for future. Mid-Piacenzian Warm Period (MPWP) and Miocene Climatic Optimum (MCO). Horizontal red dashed line indicates current CO2 of ∼410 ppm. Note breaks in age axis. Zanclean and Piacenzian Ages of the Pliocene Epoch denoted by Z and P respectively. CO2 data are from Zhang et al. (2013); Pagani et al. (2010), Foster (2008); Hönisch et al. (2009), Badger et al. (2019); Chalk et al. (2017), Sosdian et al. (2018); Dyez et al. (2018), Martinez-Boti et al. (2015); de la Vega et al. (2020), and Greenop et al. (2014), and suggest the Earth has not experienced present–day levels of CO2 in 3 million years. Modified after Rae et al. (2021).


While global and regional deep-time paleoclimate reconstructions are valuable for understanding the dynamics of the climate system during times warmer than present day, paleoclimate models have been unable to reproduce the magnitude of warming documented by proxy methods in the mid-to-high latitude North Atlantic region during the Late Pliocene (Dowsett et al., 2012, 2013a,2019). Our intent is to show the utility of a Late Pliocene SST reconstruction, based in large part on paleontological and paleoecological data, as an end-member driver of a marine ecosystem model. The outcome of this paleoclimate-derived scenario can provide a complement to traditional climate model-driven simulations of future conditions. Climate models have demonstrated skill in simulating global temperatures (Hausfather et al., 2020). However, these models are not independent from one another, ranging from the explicit sharing of code to general conceptual design (Knutti et al., 2013; Alexander and Easterbrook, 2015). This lack of independence in the models has explicit consequences for simulations, with structural similarities reducing the spread in model output (Boé, 2018) and contributing to known biases across models (Tian and Dong, 2020). Paleoclimate data represent an “out of sample” realization of the Earth’s climate, and therefore can be used to evaluate and reduce potential model bias (Braconnot et al., 2012; Zhu et al., 2021), indirectly informing decision-making. In this example, paleoclimate data from geological archives and climate model simulations of future climate are used to drive the same ecological model, expanding the range of potential outputs beyond multi-model, multi-emissions-scenario projection ensembles. Here, paleoclimate data more directly informs decision-making, ensuring policymaking can be robust to potential biases specific to climate models. This unique perspective is relevant for framing decisions regarding management of ecosystems and biodiversity.



The PRISM paleoenvironmental reconstruction and application to climate modeling

Over the past quarter century, the U.S. Geological Survey (USGS) has reconstructed and modeled Late Pliocene paleoenvironments on a global scale as part of the long-term Pliocene Research, Interpretation, and Synoptic Mapping (PRISM) Project. The PRISM reconstruction (Dowsett et al., 2016) presently includes global scale data sets for surface and deep ocean conditions (Dowsett et al., 2009), paleogeography [topography and bathymetry, taking into account mantle convection and glacial isostatic adjustment (Rowley et al., 2013)], terrestrial biomes (Salzmann et al., 2008, 2013), soils and large lakes (Pound et al., 2014), and land ice distribution and volume (Hill, 2009; Dolan et al., 2012; Koenig et al., 2015). These data suggest a sea level equivalent change for the mid-Piacenzian of +24 m without considering changes to the size of the global ocean in the Pliocene (Dowsett et al., 2016).

Pliocene Research, Interpretation, and Synoptic Mapping data sets have been used to initiate and verify global paleoclimate model experiments for more than 25 years (Chandler et al., 1994, 2013; Sloan et al., 1996; Haywood et al., 2000; Haywood and Valdes, 2004; Chan et al., 2011; Kamae and Ueda, 2012; Stepanek and Lohmann, 2012; Yan et al., 2012; Zhang and Yan, 2012; Zhang et al., 2012; Chandan and Peltier, 2017, 2018; Otto-Bliesner et al., 2017; Chan and Abe-Ouchi, 2020; de Nooijer et al., 2020; Hopcroft et al., 2020; Baatsen et al., 2021; Han et al., 2021; Feng et al., 2022; Lohmann et al., 2022). A brief history of the synergy between PRISM and paleoclimate modeling can be found in Haywood et al. (2016) and Haywood et al. (2021).

Pliocene Research, Interpretation, and Synoptic Mapping SST estimates are based upon a combination of proxy methods including paleoecologic analyses of faunal assemblages, geochemical, and biomarker analyses. Planktonic foraminifer assemblages are analyzed using either factor analytic transfer functions (Imbrie and Kipp, 1971) or modern analogue techniques (Hutson, 1980). The factor analytic transfer function method relates modern faunal census data to physical oceanographic parameters to derive equations that are then used on fossil assemblages to make quantitative SST estimates. The modern analog technique quantifies faunal changes within deep-sea cores in terms of modern oceanographic conditions using a measure of faunal dissimilarity, to directly compare downcore (fossil) samples to each reference sample in a modern oceanographic database. In some regions of the Pacific and Southern Oceans, SST reconstructions are based upon biogeography of diatom assemblages. Temperature estimates in shallow-water regions are often reconstructed using isotopic analyses of mollusks and quantitative analysis of ostracod assemblages. Independent estimates of SST are obtained for some localities using Mg:Ca ratios in shallow-dwelling planktonic foraminifer shells and the unsaturation index of alkenones (ketones synthesized by haptophyte algae living near the ocean surface) found in raw sediment, both of which have been calibrated to present day SST (Cronin, 1988; Gladenkov et al., 1991; Barron, 1992, 1996; Allmon et al., 1996; Cronin and Dowsett, 1996; Dowsett et al., 2013a,b; Johnson et al., 2017, 2019; Robinson et al., 2018).

These global SST data were produced to gain a better understanding of the dynamics of the Pliocene climate system, for use in driving atmospheric general circulation models, and as verification of SST produced by more sophisticated coupled ocean-atmosphere model experiments. The paleoecological information from PRISM has also been used in several studies (Yasuhara et al., 2012; Saupe et al., 2014, 2015) to investigate ecological and evolutionary responses of the fossil and extant marine fauna to climate change over the last 3 million years.

The Pliocene North Atlantic monthly mean SST fields used here were derived from the PRISM3 reconstruction (Dowsett et al., 2010; Dowsett, 2022). The data are presented on a 2° latitude × 2° longitude grid for each month. Reconstructed SST suggests a northward displacement of the North Atlantic gyre and associated Gulf Stream–North Atlantic Drift current, which transfers warm water to the north. The Pliocene Model Intercomparison Project, Phase 2 (PlioMIP2) ensemble of climate models (Haywood et al., 2020) shows broad agreement with the PRISM SST reconstruction on a global scale, except for a region in the mid-to-high latitude northeastern North Atlantic where model temperatures are cooler than those reconstructed by proxy methods (Figure 2).
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FIGURE 2
Conceptual framework for application of paleoclimate data to conservation management. (A) A high greenhouse gas emissions trajectory (RCP8.5) is used to drive a climate model (IPSL-CM5A-LR) to produce future SSTs. These climate model-derived SSTs are in turn used to drive a marine ecosystem model (see text for description) which provides information on potential socio-ecological impacts of future climate. (B) The Late Pliocene PRISM3 multiproxy SST reconstruction is used to drive the same marine ecological model, providing an alternative scenario for socioecological impacts of a potential future climate. Hatched pattern in northeast North Atlantic in panel (B) is a region where paleoclimate models tend to exhibit lower SST than those estimated by multiple proxies. (C) Example of relative biomass changes in the North Atlantic produced by the marine ecosystem model. IPSL climate model-derived (left) and PRISM proxy-driven (right) simulations. The columns represent selected functional groups: small pelagics; large benthopelagics; large phytoplankton; and small phytoplankton. The rows from top to bottom comprise the four model subregions: Polar-Subpolar (PSP); Mid-Atlantic (MAT); Mediterranean (MED); and Tropical-Subtropical (TST).




Marine ecosystem modeling

Ecological modeling stretches back to the foundations of ecology as a discipline. Modeling in some respects is the very genesis of ecology as a discipline separate from its foundations in economic philosophy. By the 18th century, awareness of the dependence of populations on environmental constraints had risen to the level of formal (if simplistic) dynamical modeling. These arguments are most famously exemplified by, if not exclusive to, Malthus’s writings (Turchin, 2001) on potential exponential growth in the absence of limiting environmental factors. Not long after, the logistic function model, again explicitly created in the context of considering environmental influences on population models, was introduced by Verhulst and Quetelet (Bacaër, 2011). From these origins, dynamic population modeling has grown increasingly sophisticated, incorporating key ecological interactions such as predator–prey dynamics (Wangersky, 1978) and trophic energy flows through ecosystems (Libralato et al., 2014).

Against the same socio-political background that Malthus was developing his version of a population growth model focused on change over time, others were establishing a means to estimate a current population based on incomplete observations. Laplace developed a ratio estimator to attempt a census of France contemporaneously to Malthus’ writings, though it is now recognized that this concept had been used even earlier, e.g., Graunt’s foundational investigations into the mortality statistics of 17th century London (Connor, 2022). Despite these earlier works, credit for the advent of population ratio estimators in ecology has traditionally been given to Danish fisheries scientist C.G. Johannes Petersen for his work estimating plaice (fish) abundance (Goudie and Goudie, 2007).

Dynamical modeling of population changes and statistical models for estimating population size not only formed the basis of ecology as a discipline but continue to play central roles in ecology in the context of conservation and resource management, providing the methodological basis for much of today’s fisheries science and marine ecology. In addition to these foundational modeling tools, conservation and resource management research is increasingly complemented by awareness of the interconnectedness of extant populations and ecosystems as well as the sheer scale and number of stressors (Halpern et al., 2008; Borja, 2014).

With global-scale stressors like overharvesting and climate change increasingly taking center stage (Cury et al., 2008; Halpern et al., 2008), management and conservation efforts have begun incorporating future climate projections into policy consideration. Habitat and species distribution models incorporate contemporary environmental observations as well as snapshots from future climate projections to inform policymakers (Cheung et al., 2009; Assis et al., 2018). The Fisheries and Marine Ecosystem Model Intercomparison Project (Fish-MIP) is an example of ecological modeling adopting a standardized model-intercomparison framework and comparing results driven by future climate model projections across ecological models to inform management and conservation (Warszawski et al., 2014; Tittensor et al., 2018).

This marine ecological model intercomparison framework allows decision-makers to explore the structural uncertainty associated with decisions and tradeoffs in the design of the ecological models used. Moreover, the Fish-MIP framework is designed so that these ecological models can be driven using the diverse archive of climate model projections from the Coupled Model Intercomparison Project (Taylor et al., 2012), not only informing decision-makers as to how ecosystems respond to different future emissions scenarios, but also to the structural uncertainty inherent to differences between climate models, and to how these differences may or may not interact with the structural uncertainty arising from the ecological modeling side. Jacobs (2015) further expanded upon this idea by incorporating paleoclimate data as an addition to, and comparison against, the climate model projection data suggested for Fish-MIP.

A regional marine ecosystem model was created specifically to interrogate potential impacts the proxy-model disagreement regarding North Atlantic Pliocene SST might have on future fisheries, a sector with high commercial, cultural, and political salience across local to international scales. This model used the Global Ocean model (Christensen et al., 2015) as a starting point. The 2015 version of the Global Ocean model consisted of 52 representative functional groups and was calibrated and validated using globally aggregated fish landings and environmental conditions. Practically, this meant model values in any given area were simply fractional/proportional to global values. To examine spatial differences in response to different drivers, the North Atlantic region was divided into four subregions based upon climatic/oceanographic similarity (Polar-Subpolar, Mid-Atlantic, Mediterranean, and Tropical-Subtropical), and functional group environmental preferences for each subregion were re-calibrated against historical catch as well as environmental data over the period 1950–2012 (Stock et al., 2014; Zeller et al., 2016).

The North Atlantic marine ecosystem model was then driven by climate model-derived future SST, in this case the Institute Pierre-Simon Laplace Climate Modelling Center’s IPSL-CM5A-LR under a high greenhouse gas emissions trajectory (RCP8.5). For comparison, the marine ecosystem model was also driven by PRISM3 paleontologically derived SSTs (Figure 2). While the overall warming from RCP8.5 (Meinshausen et al., 2020) would be significantly larger than Pliocene warming (relative to preindustrial conditions) if the climate model were allowed to fully equilibrate, during a transient simulation such as that performed in Jacobs (2015), the magnitude of globally-averaged change is comparable, allowing the spatial patterns rather than overall amounts of change to drive potential differences.



Discussion

As both the paleoclimate- and climate model-derived scenarios reflected large scale warming of the region of interest, there were broad commonalities across both. For example, colder region-based functional groups saw declines in both habitat extent and relative abundance, and the habitat extent of warmer region-based groups shifted poleward as temperatures previously experienced only in the tropics occurred at higher latitudes.

However, the distinct spatial patterns of change also produced some interesting differences. While both climate model- and PRISM-derived scenarios showed some northward expansion of the upper habitat extent for small pelagic tropical groups, overall habitat extent shrank in the model-derived scenario but extent increased in the PRISM-derived scenario, including an increase off the mid-Atlantic coast of the United States due to a simulated increase in available phytoplankton that did not occur in the climate model scenario. Both scenarios showed declines in large benthopelagic relative abundance in colder regions, however the PRISM simulation supported a higher overall relative abundance for this group (and ultimately a lower overall decline) despite a greater overall warming anomaly relative to the climate model scenario. One of the areas of greatest climate model and proxy SST mismatches for the MPWP, the Denmark Strait between Greenland and Iceland, also showed an increase in phytoplankton and small pelagic fish moving poleward in this area in the PRISM-derived that did not occur in the climate model-driven scenario.

Comparing the ecological model results from both the PRISM paleoclimate-derived and climate model-derived output can assist policymakers in understanding where commercial fishing and conservation strategies, previously based on expectations from climate model output alone, may be robust to additional information provided by paleoclimate. Conversely it may identify strategies that need to be revisited to address this new line of evidence.

As indicated above, while the discord between paleoclimate models and SST proxies is improving (Haywood et al., 2020; Lohmann et al., 2022) the degree of warming shown by proxy methods in the mid-to-high latitude North Atlantic is not captured by all models. We have shown how a deep–time reconstruction of Pliocene surface temperature, based upon paleoecological data, can be used to drive an ecosystem model as a complement to general circulation model temperature projections. This can potentially help policymakers avoid locking in resources that might mismatch the real-world changes we see with future warming. We suggest that this is a powerful tool for understanding the full range of potential future socio-ecological impacts when making decisions regarding conservation management and assessing biodiversity risk.
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High-latitude habitats have become increasingly recognized as a potential climate refuge for coral communities, supporting both tropical and sub-tropical corals. Despite the increasing interest in the ecology of high-latitude corals, our current knowledge of their temporal dynamics is limited, especially within urbanized settings. Here, we examined the entire history of a high-latitude coral reef ecosystem in an urbanized setting. We surveyed Holocene fossil and modern coral communities along a water quality gradient in Moreton Bay, southeast Queensland, Australia, representing near-river (Wellington Point), intermediate (Peel Island) and near-oceanic (Myora Reef) environmental conditions. Reef accretion occurred during three discrete episodes from 7,400 to 5,800, 4,900 to 3,000, and 2,100 to 300 years BP, each separated by roughly 1,000-year hiatuses, where conditions were probably not favorable enough for reef accretion to occur. Episodic reef initiation and termination suggests strong environmental controls over reef development. Eastern Australian Holocene reef growth and cessation has been linked previously to sea level fluctuations and climatic regimes (e.g., ENSO). Within each reef building episode, there were few changes in coral assemblages over time. The fast growing and branching Acropora had a relative abundance greater than 90% in ten of the 13 sediment cores and all the submerged terrace excavations. However, substantial modification of adjacent coastal catchments from European colonization in the mid 1800’s resulted in increased sediment and nutrient discharge into the bay. This perturbation coincided with a greater abundance of stress-tolerant coral species (e.g., Dipsastraea, Goniastrea, and Goniopora) and the near extirpation of Acropora in the modern coral communities of near-river and intermediate sites due to poor water quality. In contrast, the modern coral assemblage at the near-oceanic site (Myora Reef) continues to be dominated by Acropora, likely due to the consistent oceanic input, resulting in lower sediment loading and higher water quality. In order for conditions for reef growth to improve, especially within the near-river portions of the bay, further sediment and nutrient runoff from anthropogenic land-use changes need to be mitigated. Given the historical abundance of Acropora, we recommend this genus be used as an indicator of natural resource management success in the bay.
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Introduction

Globally, coral reefs are experiencing a dramatic loss of hard coral abundance and habitat structure from a myriad of local and global anthropogenic and climatic factors (Bellwood et al., 2004; Bruno and Selig, 2007; Heron et al., 2016). Of increasing concern are the direct anthropogenic effects of urbanization (reviewed in Heery et al., 2018). Increases in population and coastal infrastructure are major threats to coral reef ecosystems, causing increased sediment delivery as well as the proliferation of nutrients and pollutants (Fabricius, 2005; McDonnell, 2011). Studies of urban coral reefs in Hong Kong (Zhao et al., 2012), Singapore (Guest et al., 2016), Brazil (Barros et al., 2021), and Vietnam (Nguyen and Phan, 2008) note key characteristics of urban coral reefs, such as: increased turbidity, dominance of domed coral growth forms (causing subsequent low reef complexity and the potential to negatively affect reef accretion rates), declines in branching corals and an inshore to offshore gradient in coral cover and condition (Heery et al., 2018). However, most studies of urbanized coral reefs have occurred within the tropics.

Historical records reveal corals expanded their geographic ranges toward the poles during previous periods of climate warming (Greenstein and Pandolfi, 2008; Kiessling et al., 2012). Contemporary records echo this pattern of poleward range expansions of Scleractinian corals (Woodroffe et al., 2010), tropical reef fish (Denis et al., 2013), and many other marine taxa (Poloczanska et al., 2013). Consequently, high-latitude settings have been increasingly recognized for their potential to act as a climate refugia for coral communities, potentially supporting both tropical and sub-tropical corals as climate continues to warm (Kleypas et al., 1999; Wallace et al., 2009; Lybolt et al., 2011; Denis et al., 2013; Beger et al., 2014). However, high-latitude coral communities occur in an environment with lower seawater temperature as compared to their more tropical counterparts. As such, these communities typically have a lower diversity of corals with lower growth rates (Denis et al., 2013), and also contain a reduced diversity of coral associated invertebrates (De Palmas et al., 2015; Chan et al., 2018). High-latitude reefs also contend with similar localized threats as compared to their tropical counterparts, such as boring sponge and crown of thorn starfish outbreaks (Yomogida et al., 2017; Adjeroud et al., 2018; Hirose et al., 2021). Despite the geographic distribution of coral reefs, and the increasing interest in high-latitude coral ecology (Bridge et al., 2014; Sommer et al., 2014, 2021; Kim et al., 2019), our current knowledge of fundamental ecological dynamics in high-latitude coral reef settings is limited. Thus, questions still persist as to whether high-latitude marine ecosystems are more or less susceptible to the effects of coastal modification/urbanization than their tropical counterparts, and whether they can serve as a climate refugia for corals under future warming scenarios.

Historical ecology provides critical context for predicting how coral communities might respond to current and future environmental disturbances (e.g., ocean acidification, thermal stress, sea level rise, urbanization), and for prioritizing protected areas for management, restoration, and conservation. The study of paleoecology enables long-term understanding of ecological changes on ecosystems and places the magnitude and effects of current disturbance regimes in an historical context (Pandolfi et al., 2011; Roff et al., 2013; O’Dea et al., 2020). Such interpretations aid the reconstruction of past environments and produce a baseline against which modern environmental conditions and biotic composition can be compared. By using historical data, paleoecology provides the framework necessary to anticipate and plan for future changes and discern a reef’s potential to act as a coral refugia.

The Quandamooka sea-country of Moreton Bay (MB), southeast Queensland (QLD), Australia (Figure 1), is a region that contains coral communities disproportionately affected by anthropogenic disturbances (Fellegara and Harrison, 2008; Lybolt et al., 2011). The reefs developed during the late Holocene (∼7,400 years), leaving behind a multi-millennial fossil record of reef growth and coral composition (Lybolt and Pandolfi, 2019; Pandolfi et al., 2019). A previous historical study involving U-Th dating of surficial death assemblages revealed four discrete episodes when conditions in the bay were conducive for coral growth (Lybolt et al., 2011). Owing to the Bay’s high latitudinal location (∼27 S), these reefs experience cool water temperatures during the winter (e.g., mean range of winter monthly temperatures between 18 and 20°C), and are highly turbid, with reduced solar irradiance, making them light-limited (i.e., low photosynthetically active radiation (PAR) and high light attenuation with depth; Fellegara and Harrison, 2008). Due to this environmental setting, MB is considered a marginal environment for coral reef growth (Perry and Larcombe, 2003; Fellegara et al., 2013; Sommer et al., 2014). In addition, the semi-enclosed geomorphology of MB with its reduced tidal flow in parts of the bay, acts to amplify the effects of natural and anthropogenic stressors, potentially making ecological responses readily detectable (Neil, 1998; Fellegara and Harrison, 2008; Lybolt et al., 2011). Climatic changes during the past several thousand years within the bay have principally manifested as sea level fluctuations and variations between drier and wetter conditions due to El Nino Southern Oscillation events (ENSO; Donders et al., 2007; Sloss et al., 2007; Lewis et al., 2008; Lybolt et al., 2011; Lybolt and Pandolfi, 2019). Anthropogenic disturbance was likely minimal during the late Holocene, due to a small and gradually increasing aboriginal population, until the mid–1800’s (Walters, 1989; Hiscock, 1994; Neil, 1998; Lybolt et al., 2011) when European colonization along the MB catchment resulted in substantial modification of adjacent coastal wetlands, increasing sediment and nutrient discharge (principally from the outflow of the Brisbane River). This perturbation created a strong water quality gradient within the bay and has been previously implicated as the primary driver for suppressing modern reef growth and altering coral species composition (Neil, 1998; Fellegara and Harrison, 2008; Lybolt et al., 2011; Lybolt and Pandolfi, 2019). Following European colonization, increased urbanization and population growth along the Brisbane catchment has increasingly threatened coral communities. Despite recent degradation, there are a few locations where high coral cover still persists (Wallace et al., 2009; Lybolt et al., 2011; Sommer et al., 2014). Of these, Myora Reef is unique due to its Acropora-dominated living reef flat, which overlies a submerged fossil reef terrace that preserves a history of the reef over hundreds of years. While MB is known to contain degraded modern coral communities (e.g., Fellegara and Harrison, 2008; Lybolt et al., 2011; Lybolt and Pandolfi, 2019), the magnitude of that change has not been quantified using historical data, limiting our ability to predict how coral communities may function into the future and what management actions can be taken to aid recovery.
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FIGURE 1
Map of Moreton Bay, southeast Australia with location of sampling sites in the Bay (Satellite images courtesy of Google Maps). Representative photographs of coral assemblages from: (A) Myora Reef, (B) Peel Island, and (C) Wellington Point (Photo credit: Nicholas M. Hammerman).


While the modern and geological record hints at the potential for high-latitude reefs to act as a lifeboat under future climate change (Beger et al., 2014; Lybolt and Pandolfi, 2019), the management of coral reefs at regional and global scales is hindered by a lack of understanding of the distribution and environmental constraints of high-latitude reef growth. As such, this study represents rare insight into the history of an entire high-latitude coral reef ecosystem in an urbanized setting. To test the susceptibility of high-latitude coral communities to coastal modification/urbanization, we combined coral composition data from the submerged fossil reef terrace of Myora Reef with those from previously collected reef sediment cores along Moreton Bay’s current water quality gradient. We used this historical repository to discern how coral communities have both spatially and temporally varied in relation to past climatic and anthropogenic disturbance. In this paper we: (1) reconstruct the millennial-scale history of coral assemblages in a high-latitude and marginal environment, (2) correlate climactic and environmental drivers with fossil and modern coral reef growth, and (3) predict how MB coral communities may respond to future warming and urbanization.



Materials and methods


Site selection and study area

We selected sites within MB where modern reef communities occur along the dominant water quality gradient, from terrigenous-dominated near-river (Wellington Point) to intermediate (southwest corner of Peel Island) to near-oceanic (Myora Reef) reefs (Figure 1). We avoided sites historically and currently disturbed by dredging. Historical and modern data on coral community composition exists from previous investigations at all three of our sites (e.g., Fellegara and Harrison, 2008; Lybolt et al., 2011; Figure 1 and Supplementary Tables 1, 2).



Sampling the fossil assemblages

Separate sampling strategies were used for analyzing the fossil vs. modern reefs at each site. To assess the fossil assemblages from the three sites from MB, we analyzed 13 previously extracted reef sediment cores from the reef slope and reef flat of Wellington Point (3 cores), Peel Island (5 cores) and Myora Reef (5 cores; Supplementary Table 1). Reef sediment cores were sampled from both the reef flat (0 m water depth) and reef slope (2 and 4 m water depth) at each of the three sites. Core names are a 3-character code indicating the site name (W = Wellington, P = Peel, and M = Myora), depth (0, 2, 4 m) and replicate (a, b, c). After cores were sectioned longitudinally, one half of each core was archived at 4°C, and the other half was logged and used for compositional and geochemical analyses. These core halves were logged at 5 cm intervals using four sieve fractions (4 mm, 1 mm, 500 μm, and 63 μm) and dried overnight at 60°C. To determine the contribution of corals to each interval within each core, all coral material from the 4 mm sieve fractions was grouped according to morphological characteristics (e.g., overall morphology, corallite preservation) with reference to taxonomic features described in Veron and Pichon (1980) and Veron (2000), and when possible, identified to genus level, using the current understanding of coral systematics (WoRMS Editorial Board, 2021). To characterize the coral composition of each core, the contribution of each genus to the total weight of the identified coral constituents within each interval (refer to Supplementary Table 4) was plotted using the R statistical environment (R Core Team, 2020). Core compaction was calculated using core and penetration measurements, assuming compaction was linear and consistent along the core (Supplementary Table 1).
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At Myora Reef, a channel exists parallel to the reef flat and contains a submerged fossil reef terrace, which is roughly 80 m long and occurs from 4 to 12 m depth. We sampled three locations spaced at least ten meters apart from one another and chosen randomly along the terrace. Within each location, 20 m transects were run horizontally along the submerged terrace at 4, 5, 6, 8, and 10 m depth intervals, resulting in 15 transects. At 5 m intervals along each horizontal transect, corals were excavated from the fossil outcrop using a chisel and on average from 30 to 50 cm depth into the terrace, resulting in roughly 50 cm (length) by 50 cm (height) excavations. The collected corals were placed into calico bags and equated to roughly 1 L of material per collection. Generic coral relative abundance data were calculated by weight per excavation. To characterize the coral composition of each terrace excavation, the contribution of each genus to the total weight of the identified coral constituents within each excavation was plotted using the R statistical environment (R Core Team, 2020).



Sampling the modern assemblages

At Myora Reef, we surveyed the living reef flat in August of 2019 using four 20-m belt transects (1 m wide × 20 m long) at ∼2 m water depth using SCUBA. The transects were photographed at one-meter intervals (n = 20 x 1 m2 image field per transect), and the benthic percent cover was determined by point annotations using Coral Point Count with Excel (CPCe) extensions by overlaying 50 random points on top of each 1 m2 photo (Kohler and Gill, 2006). Benthic composition was categorized by quantifying total cover of live hard coral, dead hard coral, soft coral, other substrate (e.g., sand, pavement, rubble) and algae (e.g., macroalgae, coralline algae, turf). For Wellington Point and Peel Island, modern coral community compositional data was taken from previous investigations conducted in 2002 (Fellegara and Harrison, 2008; Lybolt, 2012; Supplementary Table 2). Relative abundance data for the modern assemblages were calculated at the genus level using the same taxonomic resources as described above.

To assess temporal trends in coral cover, data were supplemented with surveys conducted in 1975 (Lovell, 1975), 1991, 1994 (Maguire, 1994), 2002 (Fellegara and Harrison, 2008), and 2004 (Environmental Protection Agency, EPA). Additionally, we incorporated permanent transect data on broad benthic substrate categories (i.e., hard coral, soft coral, sand, rubble, algae) from citizen science surveys conducted at Myora Reef and Peel Island from 2009 until present by Reef Check Australia (RCA, 2020) as scatterplots of overall coral cover through time. However, RCA does not quantify coral community data to any taxonomic level, solely grouping it as hard or soft coral. Thus, there is a paucity of data in the characterization of modern reef communities post-2002 and there are limitations for relying on RCA data for an understanding of MB coral communities.



Assessing variation between fossil and modern coral assemblages

We analyzed modern and fossil coral assemblage composition through time and between sites (Wellington, Peel and Myora) using relative abundance data. Relative abundance data were square root transformed prior to multivariate analyses to reduce the influence of dominant genera and increase the influence of rare genera in subsequent analyses (as in Clark et al., 2017). Multivariate analysis of coral community structure was used to visualize variability in coral modern and fossil assemblage composition, using non-metric multidimensional scaling (nMDS). The nMDS used the weighted Jaccard index (aka Ružička index) and was computed using the vegan R package (Oksanen et al., 2017). The weighted Jaccard index was chosen because it preserves 2D shape from multi-dimensional data better than other indices (Oksanen et al., 2017). We overlaid ordination vectors as the weighted centroids of the relative abundance of each genus. We used a two-way permutational analysis of variance (PERMANOVA) to examine differences in taxonomic composition among Myora, Peel and Wellington and between life and fossil assemblages. These models stratified modern transects and fossil assemblages within each site constraining permutations to account for nested data structure (i.e., sites in time). Values of the pseudo-F statistic were computed using 1,000 permutations. Post hoc pairwise PERMANOVAs were conducted separately between each pair of sites to identify whether there was a compositional difference between modern and fossil coral assemblages. P-values from these pairwise models were adjusted for multiple comparisons using a Bonferroni correction factor equivalent to the number of pairwise PERMANOVAs performed. Dispersion was evaluated using the “betadisper” function in the vegan R package (Oksanen et al., 2017). All analyses were conducted in R (R Core Team, 2020).



Inferring episodes of reef growth and the magnitude of coral community change

High-precision (U-Th) radiometric age dating of fossil assemblages were used to estimate rates of reef accretion and bracket periods of reef growth and hiatuses. A total of 65 corals were U-Th radiometrically age-dated from the 13 reef sediment cores across all three sites, with an additional 39 corals from the fossil reef terrace (n = 28) and modern reef flat (n = 11) of Myora Reef (Supplementary Table 3). Aragonite for U-Th dating was taken from well-preserved areas near the coral growth margin, thereby representing growth just prior to coral mortality (Clark et al., 2017). Each sample was first sectioned laterally using a lapidary saw (2–3 cm from apical tip) and a sub-sample (2–3 g) of skeleton was taken using a Dremel drill. Coral sub-samples were crushed in an agate mortar and pestle to ∼ sand size. Crushed samples were subsequently soaked in 15% H2O2 overnight, followed by 3–5 rounds of rinsing and ultrasonication in Milli-Q-water (18.2 Ω). Samples were then dried and hand-picked under a stereoscopic microscope to select for the purest aragonite (i.e., no detritus, not altered). Details for sample preparation and column chemistry can be found in the appendices of Zhao et al. (2009) and Clark et al. (2012, 2014). Samples were analyzed on a Nu I multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) optimized for U-Th dating (Zhao et al., 2009; Clark et al., 2012) at the Radiogenic Isotope Facility at The University of Queensland. To correct for non-radiogenic 230Th contributions the two-component equation described by Clark et al. (2014) was used. This correction was applied to all dates using Isoplot 3.75 (Ludwig, 2012). Mean 230Th ages were reported with two sigma error bars (Tukey’s bi-weighted means for repeated analysis). Peak distributions of age-dates from the reef sediment cores and the Myora submerged fossil reef terrace were fitted to the raw age data using Kernel Density Estimates (KDEs). The Kernel Density Estimation works by creating a curve of the distribution. The curve is calculated by weighting the distance of all the points in each specific region along the distribution. The bandwidth for the KDEs was set to default settings using the density function in R, thus the bandwidth of the kernel changes its shape in response to the density distribution, and the shaded densities sum to 1.

Uncompacted down-core distances were used for the rate calculations. Within the fossil composition and age-depth plots, all core and terrace depths were corrected to lowest astronomical tide (LAT). Rates of accretion from the sediment cores and from the Myora fossil reef terrace were calculated by depth as the vertical distance between two adjacent dated core/terrace sections divided by the age difference between the two core/terrace sections. Classifications for vertical accretion within each time-series were derived from the data by excluding negative rates (i.e., age reversals, < 0 m ka–1) and defining all positive rates within ± 1 standard error of the mean as “medium.” “Fast” and “slow” were all rates greater and smaller than “medium,” respectively. When core/terrace sections had paired dates, the average of those two values was used in the interval rate calculation.
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Results


Reef accretion

U-Th dating of reef flat and reef slope sediment cores from Wellington Point, Peel Island and Myora Reef revealed reefs vertically accreted during three discrete episodes from roughly 7,400 to 5,800 (Episode 1), 4,900 to 3,000 (Episode 2), and 2,100 to 300 (Episode 3) years BP (Figure 2). Each of these episodes of reef accretion were separated by roughly 1,000-year hiatuses where no reef accretion was detected (Figure 2). During periods of growth, all three reefs displayed variable rates of accretion but when averaged together equated to approximately 5.2 mm yr–1 (Figure 3 and Supplementary Table 4). The wave exposed side of the submerged fossil reef terrace of Myora Reef developed during the latter episode of MB reef development, roughly 1,000 years ago (Supplementary Figure 1). This submerged fossil reef terrace revealed several meters of linear reef growth from 4 m depth to the edge of the reef flat at ∼ 2 m depth, averaging between 5.1 and 8.6 mm yr–1 (Figure 3D). Between 4 and 8 m depth, however, pronounced age reversals indicates progradation of the reef slope from detrital accumulation of reef material (Supplementary Figure 1). U-Th dating of dead corals on the Myora modern reef flat showed a bi-modal age distribution, indicative of pronounced time averaging. The earliest dates occurred roughly 1,600 years ago, whereas the most recent dates occurred roughly 21 years ago (Supplementary Figure 1 – top row).
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FIGURE 2
Relative probability plots of radiometric (U-Th) age-dates for Moreton Bay, derived from reef sediment cores showing episodes of reef growth: Episode 1 (7,400 to 5,800 years BP), Episode 2 (4,900 to 3,000 years BP), and Episode 3 (2,100 to 300 years BP). Error bars are ± 2SD per date. Gray shaded regions represent Kernel Density Estimates (KDEs).
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FIGURE 3
Age-depth plots showing reef growth and accretion rates from individual reef sediment cores and the submerged fossil reef terrace of: (A) Wellington Point, (B) Peel Island, (C) Myora Reef cores, and (D) Myora fossil reef terrace. Core depths were uncompacted and corrected to lowest astronomical tide (LAT). Note differences in x-axis scale between cores and the Myora fossil reef terrace. Different colors and font styles within site are used to visually differentiate cores and terrace sections. All accretion rates are presented as mm yr– 1.




Fossil coral community composition

Within each reef the taxonomic composition of coral assemblages was similar over Holocene time. Ten of the 13 reef sediment cores in this study contained greater than 90% Acropora by relative abundance. The coral composition of the three reef slope cores and submerged fossil reef terrace at Myora Reef was 100% arborescent Acropora (Figure 4 and Supplementary Tables 5, 6). Two of the three cores from Wellington Point contained a mixed coral assemblage, one each from the reef flat (W0a) and reef slope (W2b), with Acropora, Dipsastraea (formerly Favia) and Goniopora in similar proportions (Figure 4 and Supplementary Tables 5, 6). During periods of reef growth, which equated to roughly 50% of the time during the past 7,400 years, conditions in MB were conducive for Acropora corals.
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FIGURE 4
Percent contribution of coral genera from the fossil assemblages per reef sediment core and the submerged fossil reef terrace of Myora Reef. U-series radiometric ages are reported per core and terrace as Calendar year (AD) ± 2SD error. Note differences in y-axis scales among cores; these were adjusted to accommodate the longest core from each site. Fossil coral assemblages are plotted per interval accretion rate as per Supplementary Table 4.




Modern coral community composition

Wellington Point had a modern community composition comprised of corals mostly from the Merulinidae family and a lack of Acropora (Figure 5A). Peel Island had a similar modern community composition, but with scattered Acropora corals persisting (Figure 5B), particularly on the northeastern edge of the island. Myora Reef differs in that the modern assemblage is dominated by Acropora corals (Figure 5C). The relative percentage of live coral in the overall benthic composition followed an inshore to offshore gradient, with 1.8 ± 0.8% (mean ± SD) at Wellington Point, 13.5 ± 8.3% at Peel Island and 34.9 ± 11.7% at Myora Reef (Supplementary Figure 2).
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FIGURE 5
Relative abundance (percent ± SE) for most common coral genera from: (A) Wellington Point, (B) Peel Island, and (C) Myora Reef in modern versus fossil assemblages from Moreton Bay. Each symbol represents pooled transects or cores from each site. Diagonal line represents equal contribution for modern versus fossil assemblages.




Assessing the magnitude of coral community change

To assess the temporal and spatial extent of coral community variability, we compared the fossil coral assemblages from the three sites with their respective contemporary counterparts. Wellington Point, the site closest to shore, had a modern community composition that was significantly different from its fossil assemblage, which was characterized by mixed Acroporidae and Merulinidae corals (Figure 6; PERMANOVA, F = 3.75, P = 0.036; Table 1). The modern and fossil coral assemblages were significantly different at Peel Island (Figure 6; PERMANOVA, F = 8.68, P = 0.01; Table 1). Myora Reef differs in that there is no significant difference between the fossil and modern assemblages (Figure 6; PERMANOVA, F = 2.66, P = 0.1; Table 1), with both assemblages dominated by Acropora corals. Tests for dispersion revealed heterogeneity of variance across sites (P < 0.05); thus, significant differences among groups from the PERMANOVA results should be interpreted with caution. However, clear compositional differences between fossil and modern assemblages within and between sites is supported by relative abundance scatterplots of coral composition (Figure 5) and the clustering of modern and fossil coral assemblages within and among sites in the nMDS ordination (Figure 6). Within the nMDS the fossil assemblages are strikingly consistent in space (i.e., they are constrained), whereas the modern assemblages are dispersed. This most likely does not represent an increase in diversity through time, but more likely an artifact of different sampling methods between the fossil and modern assemblages. Dispersion in fossil and modern assemblages through time is similar at Wellington Point but varies substantially within Peel Island and Myora Reef. The fossil assemblages are remarkably consistent through time (i.e., Acropora dominated). The modern assemblages show a clear water quality gradient, where Wellington Point and Peel Island modern assemblages are dominated by more stress tolerant genera (i.e., Dipsastraea, Acanthastrea, Goniastrea, and Cyphastrea), whereas Myora Reef modern assemblages are dominated by Acropora. Lastly, the modern assemblages are very different than the fossil assemblages at all sites apart from Myora Reef, where there is overlap between both assemblages (Figure 6).
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FIGURE 6
Non-metric multi-dimensional scaling (nMDS) ordinations of community composition among modern and fossil coral assemblages from all three sites using relative abundance data, to infer historical variation for reefs in Moreton Bay. Each symbol represents either the modern or fossil assemblage per site. Overlaid vectors are the weighted contribution of each genera’s relative abundance and are only shown for the genera with a significant contribution (p < 0.05) to the dissimilarities between fossil and modern assemblages among sites. Black outline represents total hull space. Gray shading represents total hull volume for both the fossil and modern coral assemblages per site.



TABLE 1    Permutational analysis of variance (PERMANOVA) for the coral composition among sites, between modern and fossil assemblages, and between assemblages among sites from Moreton Bay, including post hoc pairwise comparisons between coral modern and fossil assemblages within sites.
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Discussion

Historical studies are vital to conceptualize rates and magnitude of ecosystem change. Resource management is often predicated on decision making derived from already highly altered ecosystems over short time periods, while natural systems change and evolve across multiple timescales. Long-term studies reconstruct a baseline of past environments that can be compared with modern environmental conditions and biotic composition (Knowlton and Jackson, 2008). By doing so, the relative abundance of key species can be identified as indicators of impending change and/or help understand resource management success. Historical datasets have shown remarkable fidelity among coral life, death, and fossil assemblages from both the Caribbean (Greenstein et al., 1996; Greenstein and Pandolfi, 1997; Pandolfi and Greenstein, 1997) and Indo-Pacific (Pandolfi and Minchin, 1995), this is especially true for dominant taxa such as, Acropora. Thus, conservation-minded palaeoecological studies are especially vital for coral reefs, as these systems are experiencing a dramatic loss of hard coral abundance and habitat structure from a myriad of local and global anthropogenic and climatic factors (Bellwood et al., 2004; Bruno and Selig, 2007; Heron et al., 2016), and of increasing concern is the urbanization of coastal wetlands fringing coral reefs. Yet, most studies of coral-related ecosystem change occur within the tropics, and generally lack assessments of long term temporal dynamics. This study revealed the magnitude of coral community change within an urbanized high-latitude setting, allowing for predictions of how MB coral communities may respond to future warming and urbanization.


Holocene reef growth and coral composition in a high-latitude coral habitat

The coral reefs of MB grew episodically during the late Holocene in three discrete periods separated by ∼1,000-year intervals, during which conditions in the bay were not conducive for reef accretion (Leonard et al., 2013; Lybolt and Pandolfi, 2019; Pandolfi et al., 2019). Patterns of reef growth derived from the fossil assemblages largely corroborate a previous study using surficial death assemblages (Lybolt et al., 2011). However, Lybolt et al. (2011) found a fourth episode of coral and reef growth occurring from 400 years BP to present. This contrasting pattern is likely the result of focused age-dating of surficial death assemblages that represented the youngest available coral communities inhabiting the Bay. Regardless, Lybolt et al.’s (2011) first three episodes of coral growth largely overlap with our three episodes of reef growth. Similar patterns of episodic high-latitude Holocene reef growth has occurred within the northern Caribbean (26oN; Toth et al., 2021), northern South China Sea (22oN; Yan et al., 2019) and southern Great Barrier Reef (GBR; 26–27oS; Smithers et al., 2006; Perry and Smithers, 2011; Leonard et al., 2013, 2016). Episodic Holocene reef initiation and termination (i.e., hiatuses) suggests strong environmental controls over reef development (reviewed in Donders et al., 2007; Sloss et al., 2007; Lewis et al., 2008, 2012; Perry and Smithers, 2011; Leonard et al., 2013, 2016).

The earliest episode of MB reef growth occurred during the mid-Holocene from ∼8–6 ka. During this time period, Sr/Ca analysis of Holocene corals from the western Pacific revealed mean annual high temperature anomalies upwards of ∼0.5–3°C (Sadler et al., 2016). Global trends in sea surface temperature anomalies echo this pattern (Figure 7; Rosenthal et al., 2022). Sedimentation to nearshore reefs, as evidenced from a study on the Great Barrier Reef lagoon, was an estimated 40% less than today because of enhanced vegetation, which reduced erosion (Neil, 1998, Neil, 2002). Specific to MB, this period of reef growth occurred when sea level was an estimated 1.1 m above modern lowest astronomical tide (LAT; Lewis et al., 2008; Leonard et al., 2013). Paleo-ENSO records of the central and western Pacific also revealed strong reductions in ENSO variance (Cobb et al., 2013; Grothe et al., 2019), with some datasets suggesting this period of reduced ENSO instability lasted from ∼5–7 ka (White et al., 2018). This period of climatic stability, termed the Holocene climatic optimum (HCO), is a time when prolific reef growth occurred within MB and other high-latitude locations (Lybolt et al., 2011; Yan et al., 2019).
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FIGURE 7
Composite representation of selected environmental variables from eastern Australia and the greater Pacific Ocean during the past ∼ 7,000 years. Sea level curves of Sloss et al. (2007) and Lewis et al. (2008) were re-scaled to the same elevation datum. Holocene reconstruction of surface water temperature anomalies from Rosenthal et al. (2022) are a global average. ENSO frequency record of Moy et al. (2002) was recorded from sediments from southern Ecuador.


Abruptly at 5 ka conditions changed, and the western Pacific became cooler, with cycles of extreme flood and drought (Neil, 1998; Donders et al., 2007; Rosenthal et al., 2022), which may have played a role in reduced accretion. This climatic change caused erosion and sedimentation rates to nearly double that of the HCO (Neil et al., 2002; Perry and Smithers, 2011). Oscillations in relative sea level (RSL) during this time period may have also led to reduced reef accretion (turn-off), followed by significant hiatuses in reef growth that lasted for nearly two millennia (Sloss et al., 2007; Leonard et al., 2013, 2016). Then a resurgence of high-latitude reefs occurred ∼2 ka, despite a significant increase in El Niño events and ENSO instability (Figure 7; Moy et al., 2002; Donders et al., 2007; Grothe et al., 2019). Our U-series dating from MB and other studies from parts of the southern GBR (Leonard et al., 2013, 2020), suggest reef growth halted roughly 300–400 years ago. This modern hiatus is in contrast to the Lybolt et al. (2011) study, which identified an additional, more recent episode of MB reef growth from surficial death assemblages from 400 years BP to present. Their four episodes of coral growth occurred in progressively deeper water over time, with the upper depth range of earlier episodes in the intertidal, while the last two episodes did not leave deposits in the upper subtidal zone (Figure 4 in Lybolt et al., 2011). Overall, a key consideration from their surficial death assemblages and our sediment cores is that while there is a history of intertidal accretion in the bay, this zone is no longer suitable for coral substrate. Thus, Holocene reef development is linked to natural geomorphological responses to vertical accommodation space (i.e., reefs growing to sea-level, as in Leonard et al., 2013, 2020) and climatic regimes (i.e., ENSO, as in Perry and Smithers, 2011).

During episodes of reef growth, rates of MB reef accretion were similar to those that characterize nearshore fringing reefs on the northern and southern GBR (Perry and Smithers, 2011; Roff et al., 2015; Leonard et al., 2018, 2020). During the mid-Holocene climatic and environmental optimum along eastern Australia, minimal latitudinal disparity in net accretion rates occurred between tropical and high-latitude reef habitats (Perry and Smithers, 2011; Leonard et al., 2013). Each episode of reef growth occurred during different climatic regimes and sea levels (Leonard et al., 2013; reviewed in Lybolt and Pandolfi, 2019), so differences in coral composition might be expected among Holocene episodes of reef growth. Instead, within each site there were few changes in coral assemblages over Holocene time. During periods of reef growth, which equated to roughly 50% of the time during the past 7,400 years (Lybolt et al., 2011), conditions in MB were conducive for Acropora corals.



Modern change in coral assemblages within an urbanized high-latitude reef habitat

U-Th dating of modern coral death assemblages revealed a transition in community composition of MB reefs (Lybolt et al., 2011), and temporally bracketed this change between 165 and 52 years ago (1852 to 1956 AD), coincident with European settlement that increased land-use changes and amplified sediment and nutrient runoff along the entire Queensland coastline (reviewed in Lybolt et al., 2011; Lybolt and Pandolfi, 2019; Lewis et al., 2021). Modification and urbanization of the local bay catchments potentially enhanced erosion by 2–10 times as compared to pre-colonization levels (Neil et al., 2002). This erosion was further amplified due to direct harvest of MB corals for use as building materials, a practice continued into the late 1990’s (Neil, 1998). Such coastal modification inhibited reef building Acropora corals from persisting on many reefs in MB and facilitated a shift to more stress- tolerant corals, such as Dipsastraea, Goniastrea and, Goniopora (Johnson and Neil, 1998; Fellegara and Harrison, 2008; Pandolfi et al., 2019).

While Holocene to modern shifts in coral community composition characterized reef communities on the near-river western edge (Wellington Point) and central portion (Peel Island) of MB, the fossil assemblage at Wellington Point had a high abundance of non-acroporids, so the modern shift away from Acropora here is not entirely unprecedented. In contrast, we found that over thousands of years, the Myora coral assemblage of the near-oceanic eastern edge of the bay was dominated by Acropora corals, and this trend continues for modern coral assemblages. Myora has been previously singled out as the bay’s last vestige of an Acropora dominated modern community (Johnson and Neil, 1998), containing several unique Acropora species not found elsewhere in the bay (A. hyacinthus, A. latistella, A. loripes, A. valida, and A. verweyi; Fellegara and Harrison, 2008; Wallace et al., 2009). A similar gradient of coral community composition in relation to distance from shore was revealed for the turbid high-latitude reefs of Hervey Bay, roughly 200 km north of MB (Sommer et al., 2021), where water quality varies spatially with distance from shore and river mouths, and urban development (Butler et al., 2015). Coastal development is a critical issue for coral reefs; for example, coastal development has led to an 80% decline in coastal fringing reefs in the South China Sea over the past 30 years (Zhao et al., 2012). However, high turbidity can confer resilience to thermal stress, even in urbanized environments (Guest et al., 2016). Thus, high turbidity and urbanization may not always be detrimental for reef growth. Although poor water quality due to urbanization has been shown to generally degrade inshore high-latitude reefs similarly to the tropics, resulting in a dominance of domed coral growth forms, declines in branching corals, decline in bathymetric range of corals, and an inshore to offshore gradient in coral cover and condition (as reviewed in Fabricius, 2005; Heery et al., 2018; Zweifler et al., 2021).

Of the three sites investigated, Myora Reef is furthest from the Brisbane River and least impacted by the urbanization of coastal catchments, presumably benefiting from far less freshwater discharge and resultant turbidity. These abiotic differences could explain why Myora still maintains high Acropora cover leading to the marked difference in biotic composition (i.e., coral cover and community composition). In addition, Myora lies directly within the path of an oceanic inlet (i.e., the Rainbow Channel). This channel enters the bay through the south passage (Figure 1; an entrance between Moreton Island and North Stradbroke Island to the Pacific Ocean) and brings with it a continual influx of oceanic water, and thus flushes Myora on a semi-diurnal tidal pattern. This creates both clearer water and perhaps produces a greater tidal flow, which potentially reduces the accumulation of harmful reactive oxygen species and thermal stress (Page et al., 2019). Notably, Myora Reef is not the only location in the bay that contains relatively high abundance of Acropora (e.g., Goat Island, and the northeastern edge of Peel Island). However, the latter two reefs do not have the same diversity of Acroporids as Myora Reef. Regardless, these other two reefs are within 1–2 kms of Myora and also within the outflow of the Rainbow channel. Their geographical position on the eastern edge of the bay further reinforces the notion of a water quality gradient driving modern coral distributions.



Resource management implications

Approaches that quantify historical variability are particularly valuable for coral reef ecosystems, as reefs change slowly on human timescales, and because their complexity often requires decades or centuries of observation to elucidate the relevant driver–response relationships (Hughes and Connell, 1999; Pandolfi et al., 2003). For the near river portion of the Bay, Wellington Point, the implications of mixed coral assemblages during the Holocene suggests that turbidity may have begun influencing this inshore site long before urbanization, although, urbanization may have made it worse and led to the extirpation of Acropora in the modern era. In the context of coral-reef management, it seems likely Acropora dominance might not be a realistic expectation of successful management at this site. However, for MB as a whole, most Holocene coral communities were dominated by Acropora during periods of episodic reef growth over the past 7,400 years. As with other high-latitude and urban regions (e.g., Heery et al., 2018), increased sediment and nutrient runoff from anthropogenic land-use changes drove the modern decline of Acropora- dominated reefs of MB (Lybolt et al., 2011; Butler et al., 2015; Sommer et al., 2021). The scale of Acropora-dominated benthic community structure so typical of the history of MB benthic habitats is now greatly reduced, giving resource managers essential context from which to measure success in their efforts to improve water quality. As water quality improves, benthic community structure should accommodate a greater component of branching Acropora corals over an increasing number of sites. That is, unless there are other problems that also suppress Acropora recovery such as thermal stress events and/or recruitment failure.

Under future projections for increasing atmospheric CO2, increases in SST will result in most low latitude tropical coral reefs (15°N – 15°S) exceeding their thermal tolerance limits by the mid-late 21st century (Heron et al., 2016; Camp et al., 2018). Thus, cooler high-latitude reefs may represent a critical refuge for coral reefs under future climate change (Greenstein and Pandolfi, 2008; Beger et al., 2014; Bridge et al., 2014; Kim et al., 2019). Although high latitude localities will likely vary geographically in their response to future climate change (e.g., Florida Toth et al., 2021), there is evidence that high-latitude reefs may still function into the future, given that MB and other high-latitude regions experienced reef growth during the mid-Holocene (∼6–7 ka; Smithers et al., 2006; Perry and Smithers, 2011; Lybolt et al., 2011) when sea surface temperatures were as high as 0.5–1°C warmer than today (Sadler et al., 2016; Rosenthal et al., 2022), and during periods of fluctuating sea level (Sloss et al., 2007; Lewis et al., 2008). Such fluctuations in sea level warrant consideration from a management perspective, since both our study and that of Lybolt et al. (2011) found the subtidal zone not suitable for coral growth. This limitation may change in the future with rising sea levels enabling expansion of the area in which corals in the bay can grow. On a site specific level, the millennial stability in coral community composition (Figure 4), amid European colonization and recent recurrent thermal stress, points to the resilience of Myora Reef and its potential for continued Acropora growth, which might be important for maintaining local sources of larvae and providing habitat complexity for use by other ecologically important reef species in MB. However, we have shown that, as a whole, Moreton Bay’s potential to act as a coral refuge for neighboring coral populations, such as the GBR, may be limited. The Bay was only conducive for Acropora growth roughly 50% of the time in the last 7,400 years and roughly 150 years ago it only took ∼20k European settlers to affect water quality to a point where coral communities were negatively affected (Neil, 1998; Lybolt et al., 2011), albeit this impact was unprecedented in scale due to unregulated land clearing for grazing. Thus, on a larger than MB scale, management approaches must deal with uncertainty in regard to the degree to which this subtropical setting might harbor suitable habitat for coral species migrating from more northern regions as climate change continues to unfold.

Global stressors such as climate change are difficult to regulate or control without global effort but mitigating local-scale stressors of water quality can have substantial effects upon recovery of coral reefs. The Brisbane catchment now hosts more than 2 million people; however, recent research shows that water quality in the western MB has improved significantly since the 1970s, due to increased coastal catchment management (Narayan, 2011). If conditions for reef growth are to continue to improve, especially within the western and central portions of the bay, further sediment and nutrient runoff from anthropogenic land-use changes need to be mitigated. Natural resource management plans can use increases in the abundance of Acropora as a historically relevant indicator species of reduced anthropogenic impact. Measuring the recovery success of Acropora is easy within MB since the genus is so uncommon and simple presence-absence surveys are likely to indicate meaningful changes.
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The multi-faceted impacts of the Anthropocene are increasingly modifying natural ecosystems and threatening biodiversity. Can small protected spaces conserve small mammal diversity across spatial and temporal scales of human impact? We identified small mammal remains from modern raptor pellets and Holocene archeological sites along a human modification gradient in the San Francisco Bay Area, CA and evaluated alpha and beta diversity across sites and time periods. We found that Shannon diversity, standardized species richness, and evenness decrease across modern sites based on level of human modification, with no corresponding change between Holocene sites. Additionally, the alpha diversity of modern sites with moderate and high levels of human modification was significantly lower than the diversity of modern sites with low levels of human modification as well as all Holocene sites. On the other hand, the small mammal communities from Jasper Ridge Biological Preserve, a small protected area, retain Holocene levels of alpha diversity. Jasper Ridge has also changed less over time in terms of overall community composition (beta diversity) than more modified sites. Despite this, Holocene and Anthropocene communities are distinct regardless of study area. Our results suggest that small mammal communities today are fundamentally different from even a few centuries ago, but that even relatively small protected spaces can partially conserve native faunal communities, highlighting their important role in urban conservation.
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Introduction

The Anthropocene (here defined as 1950 CE to present) is characterized by extreme human impacts including rapid climatic change, pollution, defaunation, and landscape modification (Barnosky, 2014; Dirzo et al., 2014; Lewis and Maslin, 2015; Zalasiewicz et al., 2017). In this time of global change, we must leverage long-term and broad-scale biodiversity records to determine how to retain species in heavily modified environments, with the goal of informing conservation policy (Fraixedas et al., 2022). Habitat alteration and urbanization, specifically, fragment once-continuous natural landscapes and threaten biodiversity. A long-standing debate in conservation is how large protected areas must be in order to buffer species loss in increasingly modified landscapes (Gaston et al., 2008). Many studies have shown that larger reserves do a better job of conserving biodiversity, suggesting that “megareserves” may be necessary for the lasting protection of species and ecological processes (Newmark, 1987; Terborgh and Soule, 1999; Brashares et al., 2001; Gurd et al., 2001; Peres, 2005; Friedlander et al., 2007; Gaston et al., 2008). However, in places where the protection of large swaths of land is untenable, as in many human-dominated landscapes, small reserves may still be useful in harboring native biodiversity and ecosystem functions (Cowling and Bond, 1991). In such cases, can small protected spaces act as reservoirs for biodiversity across dynamic spatial and temporal gradients of human impact?

Jasper Ridge Biological Preserve (named “Ootchamin Ooyakma” by the Muwekma Ohlone; hereafter called Jasper Ridge) is a small protected area in Woodside, CA located only a few kilometers from Stanford University and the city of Palo Alto. Jasper Ridge is separated from these urban areas by open agricultural lands, golfing greens, and suburban housing and businesses (Figure 1). We surveyed small mammals along this gradient of human modification and compared them to their Holocene abundances using local zooarcheological data. We aimed to differentiate the spatial and temporal effects of human modification on small mammal communities in the Anthropocene. This is directly relevant to conservation because it will distinguish the specific impacts of different land management practices versus the broader-scale changes intrinsic to the Anthropocene which are beyond the scope of management. We ask: How has the Anthropocene impacted small mammals across gradients of time and human modification in terms of species richness, evenness, and community composition in the San Francisco Bay Area?


[image: image]

FIGURE 1
(A) Street view (JRBP, Jasper Ridge Biological Preserve) and (B) human modification maps of the study region. Anthropocene pellet collection sites are represented as open circles in (B). The human modification map is on a scale from 0 to 1, where 0 is pristine wilderness and 1 is completely transformed landscapes (Theobald, 2013).


Small mammals are ideal subjects for spatiotemporal studies due to their habitat specificity, small individual geographic ranges, population abundance, and ubiquity both today and in the recent fossil record (Barnosky, 1994; Yasuda et al., 2003). These factors, in addition to their low trophic position, also make small mammals excellent indicators of overall ecosystem health and integrity, with broad conservation implications (Avenant, 2011). Small mammals are increasingly being recognized for their critical role as hosts for pathogens of zoonotic potential (Young et al., 2014). Additionally, small mammals escaped the size-biased extinctions of the late-Quaternary and generally have low extinction risk due to their high fecundity, abundance, and growth rate (Lyons et al., 2004; Cardillo et al., 2005; Blois et al., 2010; Dirzo et al., 2014; Smith et al., 2018). As a result, they have remained taxonomically stable in many places of the American West over thousands of years (Kirkland, 1990; McGill et al., 2005; Rowe, 2007; Hadly et al., 2009; Blois et al., 2010; Terry, 2010; Rowe and Terry, 2014; Stegner, 2016; Fox, 2020). Despite their relative resilience to extinction, small mammal community composition may be altered by environmental change and human impacts in other, less obvious ways. Extinctions are the most dramatic and conspicuous losses of diversity and are therefore the focus of many studies on biodiversity decline in the Anthropocene (e.g., Barnosky et al., 2011). However, reductions in population and community-level diversity may reveal declines in ecosystem stability and may precede and predict extinctions (Blois et al., 2010; Ceballos et al., 2017). Therefore, tracking small mammal diversity over temporal gradients can elucidate the magnitude of human impacts on even robust species, with implications for ecosystem function (Naeem et al., 1994).

The Quaternary small mammal fossil record has shown that changes in species relative abundances in general, and declining evenness in particular, may be important proxies for identifying disturbance over temporal gradients (Blois et al., 2010; López-García et al., 2013; Tammone et al., 2020; Schap et al., 2021). Specifically, anthropogenic impacts tend to favor non-native, human-commensal, and disturbance-tolerant small mammal species at the cost of more sensitive native species (Bolger et al., 1997; Sauvajot et al., 1998; Clark and Bunck, 2011; Balestrieri et al., 2019). Species richness may therefore be maximized in areas of intermediate disturbance where small mammals with different tolerances can co-occur, though the dominance of disturbance-tolerant taxa may reduce evenness in impacted areas (Racey and Euler, 1982; Avenant, 2011). A study of butterfly and bird community composition from Jasper Ridge to Palo Alto in the late 1990s found that both groups experienced peaks in Shannon diversity and species richness at intermediate levels of development, with a filtering effect on some habitat specialists in highly modified sites (Blair, 1999). A recent resampling of birds from the same sites found dramatic population declines across all landscapes with some notable increases in disturbance-tolerant passerines, although declines were partially buffered in less disturbed areas (J. Wright-Ueda, in prep). We hypothesized that small mammal communities along this gradient would experience richness peaks at moderately impacted sites while evenness would decline with increasing modification due to the dominance of human-commensal small mammal species.

While humans have been modifying environments for at least 12,000 years in North America (Ellis et al., 2021), Holocene paleontological (i.e., non-human associated) and archeological (i.e., human-associated) deposits pre-date the accelerated landscape alteration and population growth of the Anthropocene and can provide a window into the pre-European past (Amorosi et al., 1996; Hadly, 1996; Dietl and Flessa, 2011; Lyman, 2012; Wolverton and Lyman, 2012; Lyman, 2012; Rick and Lockwood, 2013; Dietl et al., 2015; Kidwell, 2015; Barnosky et al., 2017). However, Holocene specimens from the rich archeological record of North America are underutilized for their conservation potential (Wolverton and Lyman, 2012; Lyman, 2012). To leverage zooarcheological specimens in conservation decision-making, we must ascertain whether differences between modern small mammal communities and their archeofaunal records indicate environmental change. Beta diversity mismatch between living and subfossil communities of marine (Kidwell, 2007), lacustrine (Michelson et al., 2018), and terrestrial (Terry, 2009) fauna have all been shown to record human impact. One study in the Great Basin showed that the small mammal community from a site that had undergone human modification was more dissimilar to its paleontological baseline than a less modified site was to its baseline (Terry, 2010; Rowe et al., 2014). We apply a similar method to determine whether mismatches between zooarcheological and modern small mammal communities can capture landscape alteration between the late Holocene and Anthropocene in a more urbanized context. We additionally test whether small mammal remains from archeological sites can record ecological differences in the local environment by tracking indicator species at each Holocene site. If the indicator species match with habitat differences between sites, it will suggest that small mammal zooarcheological records can act as an effective and efficient tool for providing paleoenvironmental baselines.


Study area

The San Francisco Bay Area (hereafter the Bay Area) is a biodiversity hotspot which has experienced rapid urbanization, agricultural intensification, and extensive human population growth in the past few decades (Myers et al., 2000). However, the Bay Area also has many protected spaces due to public support for open-space conservation (Rissman and Merenlender, 2008; Walker, 2009). The proximity of both highly urbanized and protected spaces allows for gradients of human disturbance across short geographical distances (Blair, 1999; Connor et al., 2002). As part of the recent 30 × 30 initiative, California is actively looking for ways to better steward its existing protected spaces and prioritize where to create new ones to both maximize native biodiversity and meet human needs, including access to nature (Draft Pathways to 30x30, 2021). Therefore, research into the use of small preserves as biodiversity reservoirs in urban and suburban landscapes is of immediate and urgent utility for both policy-making and conservation science.

Here we focus on lands in the south Bay Area which are owned by Stanford University (hereafter Stanford Lands). This area underwent documented changes since the arrival of Europeans around 1769. By 1793 the Spanish Governor of California had banned the use of fire as a land management tool, ceasing thousands of years of controlled burns conducted by the native Ohlone people and causing a dramatic shift in the prevailing fire regime of the region (Bocek and Reese, 1992; Anderson, 2005). The introduction of European grasses and grazing by cattle, sheep, and horses have also dramatically changed the landscape (Bocek and Reese, 1992). The south Bay Area, including Stanford Lands, experienced heavy logging in the 19th century, which decimated local old growth forests and introduced non-native conifers and hardwoods such as eucalyptus (Bocek and Reese, 1992). We therefore expected differences in small mammal communities between the pre-colonial Holocene and today due to historical land modification. However, we predicted that differences would be less pronounced at sites that are under less pressure from human impacts today.




Materials and methods


Anthropocene pellet collection and data

We estimated modern small mammal community composition using bones and teeth dissected from raptor pellets. While we did not monitor roosts, the size and morphology of the pellets are consistent with those produced by Tyto alba. Barn owls (T. alba) have been shown to sample small mammal communities in proportion to their local abundance and offer less biased subsamples of local small mammal diversity than other common survey practices (Hadly, 1999; Andrade et al., 2016). Additionally, a recent study showed that raptor pellets accurately reflect local small mammal community composition regardless of raptor identity (Viteri et al., 2021).

Pellets were collected intermittently from 1999 to 2021 along a short (∼8 km long) human modification gradient on Stanford Lands (Figure 1). The foraging radius of barn owls averages 2.5–3 km, so although there may be some overlap between the closest sites, we expected variation in diet even across this small spatial scale (Taberlet, 1983; Purger and Szép, 2022). We analyzed raptor pellets from three study areas—within Jasper Ridge (JR), on Stanford Campus (SC), or in the middle (MI)—which approximately correspond to the location of the three included archeological deposits (Figure 1). We identified small mammal (here defined as mammals the size of Lepus californicus or smaller) craniodental remains (number of identified specimens = NISP) for each species at each collection site and year using the comparative collections in the Hadly lab at Stanford University and Gilbert (1980) as references.



Holocene sites and data

We used subfossil records from three late-Holocene archeological sites to provide a baseline of past small mammal community composition on Stanford Lands (Figure 1). For all three sites, we identified small mammal specimens both from previously sorted faunal remains as well as unsorted heavy fraction material for each excavation unit and level (depth). We taxonomically identified craniodental remains using the same methods as for the Anthropocene materials.

All three Holocene sites are cemetery and occupation midden deposits situated along San Francisquito Creek, which drains directly into the San Francisco Bay. Faunal remains in these sites are primarily cultural materials accumulated by the ancestral Ohlone, but “natural” processes such as small mammal burrowing and bone deposition by raptors and other carnivores likely also contributed to the small mammal component of the sites (Bocek, 1986). We therefore expected a possible overrepresentation of both larger, calorie-rich small mammals that may have been actively hunted by the Ohlone (such as leporids) and strongly fossorial species with may have been intrusive to the deposit (such as gophers) relative to raptor accumulations. These potential biases are discussed further below. During the Holocene, these sites were within a continuous riparian woodland along this drainage. They span a slight elevation gradient with the Jasper Ridge Site being the highest (73 m above sea level), Stanford West being the lowest (28 m above sea level), and Piers Lane falling in between (52 m above sea level) (Bocek, 1987). All materials from these sites are stored and accessioned at the Stanford University Archeology Collections. While the sites were excavated at different times with overlapping but non-identical personnel, the collection methodology was largely consistent between them. However, differences in the sieve size used to screen materials between sites have the potential to impact the recovery of very small mammal remains (Shaffer and Sanchez, 1994). This bias was avoided by reprocessing all the material that went through the sieves in the lab.

The Jasper Ridge Site (CA-SMA-204), located in the foothills of the Santa Cruz Mountains, is 1.4 km downstream of the confluence of San Francisquito Creek and Bear Creek (Bocek, 1987; Figure 1). Historically, this site would have been adjacent to open grassland, mixed hardwood forest, and chaparral (Kelly et al., 2005). Radiocarbon dates range from 1,850 (±30) to 145 (±20) years before present (ybp) (Viteri and Hadly, 2021, preprint). Materials from this site were excavated in twenty-four 1 × 2-meter units and 10 cm levels and passed through a 1/4 inch screen (Bocek, 1987). The identifiable remains larger than 1/4 inch were sorted and analyzed by Bocek (1987) while smaller matrix was divided into heavy and light fractions via flotation and left unsorted. From 2017 to 2020, we verified the existing small mammal identifications and sorted the heavy fraction material to identify additional small mammal remains.

The Piers Lane Site is located in Stanford, California on the southern bank of San Francisquito Creek between the Jasper Ridge and Stanford West sites (Figure 1). The site was excavated by Laura Jones, Stanford University Archeologist, and her team in 2015. In the Holocene, Piers Lane would have been next to chaparral, oak woodlands, and oak grasslands (Brown, 1964). Radiocarbon dating of charcoal resulted in dates of 2,470 (± 30) and 220 (± 30) ybp from depths of ∼1 m and 40 cm, respectively (Laura Jones, personal communication). Eighteen units were excavated in 10 cm levels until sterile soil was reached (∼1.5 m) and passed through a 1/8 inch screen. For each excavation level and unit, faunal material larger than 1/8 inch was separated by identifiable vs. unidentifiable bone while smaller material was separated by flotation. We sorted and identified small mammal remains from both the identifiable bone bags and heavy fraction materials.

Stanford West is a large site (∼12,000 m2) in Palo Alto, CA, United States (Figure 1) that was excavated in the early 1990s following the same methods as the Jasper Ridge Site excavation (Bocek, 1987). The site would have been adjacent to oak savannah, grasslands, chaparral, and marshland (Brown, 1964). The area around this site is currently used as housing for Stanford University affiliates. Radiocarbon dates for this site yielded a maximum date of 3,190 (±200) ybp and a minimum date of 440 (±90) ybp from 160 and 90 cm below surface, respectively, (Laura Jones, personal communication). We sorted and identified small mammal remains from both the separated faunal bags and heavy fraction materials for each excavation unit and level.



Gradient of human modification

We used a high-resolution map of human modification produced by Theobald (2013) to quantify modern gradients of human impacts. This metric ranges from 0 to 1, where 0 approximates natural environments with no human modification and 1 is completely transformed habitat dominated by the built environment (Theobald, 2013; Theobald et al., 2020). The human modification metric incorporates both the footprint and magnitude of impact for various stressors including land cover type, land use, and roads (Theobald, 2013). For each Anthropocene site we calculated the average human modification value in a 1-km radius around the pellet sampling location as in Kross et al. (2016) and Hindmarch and Elliott (2015) using QGIS (QGIS.org, 2022, version 3.2.0; Figure 1).

The “Jasper Ridge” study area sits within Jasper Ridge Biological Preserve and contains our least modified sites. The preserve is a modest 4.9 km2 of land but encompasses many habitat types including chaparral, serpentine grassland, redwood forest, and oak woodland (Holl, 2003). The preserve is closed to the public but supports the day-time presence of researchers and a small staff. The human modification scores of the Jasper Ridge pellet collection sites range from 0.392 to 0.489. Jasper Ridge has a history of human disturbance prior to becoming a nature preserve in 1973, including use as a recreational area during much of the 20th century (Bocek and Reese, 1992). The preserve also contains Searsville Reservoir, which captures streams in the San Francisquito drainage that would have flowed freely prior to the 1890s. This history of human disturbance and the modification of the landscape by the Searsville Dam is likely why the human modification scores at Jasper Ridge are not lower (Salafsky et al., 2008; Theobald, 2013). Even within the region, more “pristine” spaces exist to the west, but none that are contiguous with this small island of protected lands surrounded by residential and suburban areas (Figure 1).

Our “Middle” study area, both in terms of geography and human modification level, is Stanford’s Student Observatory. The Observatory is the modern site closest to Piers Lane, located between Jasper Ridge and Stanford campus and representing moderate human impact (Human Impact Score = 0.698; Figure 1). This site is exceptional due to the presence of two owl boxes, under which many years of small mammal bones have accumulated. The Observatory sits in a small patch of oak woodland bordering a popular hiking area, the Dish, on one side and Stanford campus on the other (Figure 1). While this area is not barred from public access, the observatory itself is not regularly open to the public. The nearby Dish, however, is frequented by ∼600,000 people annually, although they are restricted to trails during daylight hours and dogs are not allowed (Stanford University, 2022).

The “Stanford Campus” study area includes three collection sites on the main campus of Stanford University, which supports ∼37,000 researchers, staff, and students, many of whom live on or nearby the campus (Stanford University, 2022). The landscape is dominated by buildings and roads and is frequently under construction, with ensuing noise and dust. Although there are green spaces, they are typically highly manicured with non-native plants. The human modification scores of the Stanford campus sites range from 0.805 to 0.845.



Analytical methods

To assess the relationship between the degree of landscape alteration and small mammal diversity, we first calculated small mammal abundances at each Anthropocene collection site and excluded sites with low sample size (NISP < 50). We then ran linear regressions between the human modification scores of each collection site and three alpha diversity metrics: Shannon diversity, standardized species richness, and evenness. Shannon diversity is a widely used alpha diversity metric which incorporates both species richness and evenness. However, we also independently evaluated both richness and evenness with other metrics to understand their individual contributions. We calculated standardized species richness using shareholder quorum subsampling (SQS) with a quorum level of 0.7 and 1,000 iterations (Alroy, 2010). SQS is a “fair” sampling technique that yields the number of species you would find at each site with a fixed quorum, or coverage, of the underlying abundance distribution (Alroy, 2010). We also calculated taxon evenness using the probability of interspecific encounter (PIE), following the methods of Davis (2005) and Stegner (2016). Both SQS and PIE are independent of sample size, allowing for more robust comparison across differently sized groups.

We then compared alpha and beta diversity of Anthropocene and Holocene sites to assess whether diversity changed within or between time bins and study areas. While we recognize that the distinct pathways leading to small mammal preservation in the Anthropocene vs. Holocene sites, we believe they are comparable because humans and raptors are thought to sample small mammals opportunistically and locally (Simms, 1987; Smith, 2003; Andrade et al., 2016; Viteri et al., 2021). We grouped the Anthropocene sites by study area (Jasper Ridge, Middle, and Stanford Campus) and collection year, except Middle, which was divided into two collection months in order to have replicates. When Anthropocene and Holocene sites were compared, we combined Holocene excavation levels into 30-cm bins to increase sample sizes and make them more comparable to those of Anthropocene sites. Low sample size groups (NISP < 50) were dropped from the analysis. We also removed particular taxa that may have different biases between Holocene and Anthropocene sampling when comparing between time bins. Sciurids were removed since nocturnal owls rarely overlap temporally with diurnal mammals, and therefore miss that component of local diversity. Pocket gophers (Thomomys bottae) were also excluded since their remains are partially intrusive in Bay Area archeological sites and are therefore overrepresented in Holocene deposits (Bocek, 1986; Viteri and Hadly, 2021, preprint). When comparing solely between Holocene assemblages, we included sciurids and gophers, binned by excavation unit, and dropped units that had a sample size below NISP = 25 based on rarefaction.

We evaluated Shannon diversity, SQS, and PIE for each Holocene site and Anthropocene study area. We also compared the Bray-Curtis dissimilarities of Holocene sites and their Anthropocene geographical equivalents in order to test whether community turnover was more pronounced in more modified study areas. To account for zero-inflated data and different sample sizes, we standardized our abundance data using a Hellinger transformation (Legendre and Gallagher, 2001). Since data did not meet the criteria of homoscedasticity and normal distribution, we tested for global differences between groups using a Kruskal–Wallis test and pairwise differences using a Wilcoxon test with Holm p-value correction.

We tested for significant differences between groups using permutational multivariate analysis of variance (PERMANOVA) with Bray-Curtis dissimilarities. We used Holm p-value corrections and tested for overdispersion within our groupings using the betadisper function in vegan (Oksanen, 2019). When multiple groupings were compared, we tested for pairwise differences using the adonis.pair function in the EcolUtils package (Salazar, 2020). We visualized community differences with non-metric multidimensional scaling (NMDS). NMDS is an ordination technique used for non-parametric data. We used the metaMDS function from the vegan package (Oksanen, 2019) which automatically rotates the NMDS axes such that NMS axis 1 explains the dominate source of variation, as in other common ordination methods such as principal component analysis. We used 100 random starts to ensure that a stable solution was reached for each NMDS plot.

In order to understand which small mammal species characterize each study area we performed an indicator value analysis using the indval function from the R labdsv package (Roberts, 2019). All analyses were done using the R program for statistical computing (version 3.6.1; R Core Team, 2019).




Results

We identified a total of 4,751 small mammal craniodental elements from the Holocene sites and 11,531 from the Anthropocene pellet accumulations (Table 1). Four taxa—Rattus spp., Mus musculus, Neurotrichus gibbsii, and Sorex cf. ornatus—were found in Anthropocene but not Holocene samples, while only one species, Chaetodipus californicus, was recovered exclusively in the Holocene deposits (Table 1). We found that small mammal Shannon diversity, standardized species richness, and evenness decrease with increasing levels of human modification across Anthropocene collection sites (p-values: 0.026, 0.020, and 0.021 respectively) (Figure 2). We also found that Anthropocene small mammal communities from the Middle and Stanford Campus study areas are less rich and less even than Jasper Ridge and Holocene sites in all cases (Figure 3). While significant p-values differentiating Anthropocene Stanford Campus from Holocene sites and Anthropocene Jasper Ridge are reported in Figure 3, none of these splits are significant with Holm p-value corrections, likely due to the number of pairwise comparisons. However, when Holocene sites are lumped (due to their virtual equivalence), the Stanford Campus study area is significantly different from the Holocene sites in terms of Shannon diversity (p-value = 0.052), SQS (p-value = 0.0087), and PIE (p-value = 0.033) and Anthropocene Jasper Ridge in terms of Shannon diversity (p-value = 0.079) and SQS (p-value = 0.0159) with Holm p-value correction. With and without Holm p-value corrections, there is no significant difference in any alpha diversity metric across Holocene sites or between Anthropocene Jasper Ridge and the Holocene sites (Figure 3). Additionally, the Holocene fauna of Jasper Ridge are more similar (lower Bray-Curtis dissimilarity) to the modern Jasper Ridge fauna than Holocene vs. Anthropocene communities of the more impacted study areas (Figure 4). Only Stanford and Jasper Ridge are significantly different with Holm p-value correction (p-value = 0.048).


TABLE 1    Small mammal abundances (cranial NISP) in each study area and time bin.
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FIGURE 2
Linear regressions of the human modification scores for each Anthropocene collection site versus (A) Shannon diversity, (B) shareholder quorum subsampling (with a quorum of 0.7 and 1,000 iterations), and (C) probability of interspecific encounter values. Points are colored based on their human modification score according to the scale in Figure 1.
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FIGURE 3
Quantification of alpha diversity using (A) Shannon diversity, (B) shareholder quorum subsampling (with a quorum of 0.7 and 1,000 iterations), and (C) probability of interspecific encounter across Holocene and Anthropocene sites (JR, Jasper Ridge; MI, Middle, SC, Stanford Campus). Anthropocene points colored based on human modification scores according to the scale in Figure 1. Scores and colors were averaged when multiple collection sites were binned. Pairwise comparisons done using a Wilcoxon test.
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FIGURE 4
Boxplot of Bray-Curtis dissimilarities between Anthropocene collection sites and their corresponding Holocene archeological site by study area. Pairwise significance based on a Wilcoxon test.


The Holocene sites are significantly different from each other in terms of community composition based on PERMANOVA (global p-value = 0.0010; pairwise p-values = JR vs. PL: 0.079; JR vs. SW: 0.0030; PL vs. SW; 0.0060). However, the assumption of homogeneity of dispersion between groups is not met (betadisper p-value = 0.0069). However, visual comparison with NMDS shows that the groups are indeed distinct, especially the Jasper Ridge and Stanford West sites (Figure 5A).
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FIGURE 5
NMDS plots of (A) Holocene sites by unit, and (B) Anthropocene (binned by collection year) and Holocene (binned in 30-cm levels) sites. For panel (B). Anthropocene Stanford campus and Anthropocene Middle as well as all Holocene sites are grouped together because they are not significantly different from each other.


Holocene and Anthropocene communities cluster together regardless of collection locality (p-value = 0.0010) and pass the homogeneity of variance assumption (betadisper p-value = 0.67). When further subdivided by study area, the Anthropocene Jasper Ridge and Stanford Campus sites are distinct from each other, but the Middle sites are nested within the Stanford Campus ones. Holocene communities are also not significantly different from each other once gophers and sciurids are removed (Figure 5B), likely because these species partially drove their separation in Figure 5A. Stanford Campus and Middle as well as all Holocene sites are therefore combined for NMDS visualization and further analysis (Figure 5B). Together, the Anthropocene Stanford Campus and Middle study areas are significantly different from Anthropocene Jasper Ridge (p-value = 0.0070) and all Anthropocene samples are distinct from the Holocene ones (p-value = 0.0030) with Holm correction. The homogeneity of dispersion assumption is met (betadisper p-value = 0.38). While the Anthropocene sites cluster together, the Jasper Ridge pellets fall more closely along NMDS axis 1 to the Holocene sites than the more impacted Middle and Stanford Campus collection sites (Figure 5B).

The indicator value analysis for Holocene-only communities showed that abundant Microtus californicus characterizes the Jasper Ridge Site, while Neotoma fuscipes and Chaetodipus californicus characterize Piers Lane, and Thomomys bottae characterizes Stanford West. The significant indicator taxa for Anthropocene and Holocene groups are: Rattus spp., Mi. californicus, and Mus musculus for the Anthropocene Stanford Campus and Middle sites, Reithrodontomys megalotis and Sorex cf. ornatus for Anthropocene Jasper Ridge, and Leporidae and N. fuscipes for Holocene sites.



Discussion

The species richness of small mammal communities declines across a gradient of human modification in our study system (Figure 2). This is in contrast to previous studies which suggest that areas with moderate disturbance have the highest diversity (e.g., Racey and Euler, 1982). These results are also counter to Blair’s (1999) study of insect and bird diversity across this same gradient, which found that areas with intermediate modification maximized species richness and Shannon diversity in both taxonomic groups. We also confirm that small mammal evenness decreases with increasing modification (Figure 2), likely due to the dominance of disturbance-tolerant and human-commensal species which are associated with more modified sites. This result highlights the importance of including evenness in biodiversity measurements as an indicator of human impacts.

All three Holocene sites have consistently species-rich and even small mammal communities in comparison to impacted Anthropocene sites (Figure 3). Despite these similarities, the sites are distinct in terms of overall community composition in ways that track with their local environments prior to European modification (Figure 5A). While all sites were primarily located in riparian woodlands, the Jasper Ridge Site would have been the closest to open grasslands (Kelly et al., 2005). Therefore, the abundance of Microtus californicus, a grassland-associated species, tracks with the local habitat (Heske et al., 1984). The chaparral and oak woodland habitats near Piers Lane correspond well with the affinities of its indicator species, Neotoma fuscipes and Chaetodipus californicus (Brown, 1964; Carraway and Verts, 1991; Heske et al., 1997; Chaudhary et al., 2021). Thomomys bottae, the indicator species for Stanford West, is found in many open environments with loose, deep soil but is especially characteristic of ecotones between chaparral and grasslands (Quinn, 1990). This matches with the long oak grassland/chaparral boundary adjacent to Stanford West (Brown, 1964). The significant differences in small mammal communities between Holocene sites (Figure 5A) in combination with the correspondence of indicator species with local habitat variation suggests that small mammal remains from archeological sites retain an environmental signal. Therefore, small mammal relative abundances from Holocene archeological sites may be useful in the reconstruction of past environments.

Although the Holocene sites retain environmental variation, we found that there are much larger differences in alpha diversity today than in the Holocene across the same spatial scales, showing that human habitat transformation today is more impactful to small mammal richness and evenness than is natural habitat variation in this region (Figure 2). However, despite being a small preserve with a history of disturbance, Anthropocene Jasper Ridge retains Holocene levels of alpha diversity (Figure 3). Our sites with both high and moderate levels of modification have lower diversity values than all Holocene and Jasper Anthropocene communities, although the low replicates of Anthropocene and Holocene Middle prevent statistical significance (Figure 3). Anthropocene Jasper Ridge also matches its Holocene community composition much more closely than both the Middle and Stanford Campus communities resemble theirs (Figure 4). This both confirms that Jasper Ridge is able to partially conserve small mammal diversity and shows that greater discordance between archeological baselines and modern small mammal communities reflects higher levels of human modification. However, even Jasper Ridge, which has been protected for decades, has fundamentally distinct small mammal communities today than in the Holocene (Figure 5B). While Jasper Ridge small mammal communities have changed less over time than the more impacted sites (Figure 4), they are more similar to other Anthropocene sites than they are to Holocene Jasper Ridge communities (Figure 5B).

More modified Anthropocene sites (Stanford Campus and Middle) are characterized by the presence of non-native and human-commensal species (Rattus spp. and Mus musculus) as well as native disturbance-tolerant species (Mi. californicus), while Anthropocene Jasper Ridge is characterized by Sorex cf. ornatus which is more sensitive to disturbance (Sauvajot et al., 1998; Clark and Bunck, 2011; Quinn et al., 2018; Balestrieri et al., 2019). The other indicator species for Jasper Ridge, Reithrodontomys megalotis, is a grassland-associated species, which likely reflects the abundance of pellets collected from the preserve’s serpentine grassland. R. megalotis abundances are limited by Mi. californicus where the two species overlap (Heske et al., 1984). Therefore, the local abundance of R. megalotis may point to lower Mi. californicus numbers in serpentine grasslands, a possibility which has been reported earlier (Jasper Ridge Annual Report 2007–2008). These grasslands are characterized by native grasses and forbs rather than the exotic flora of non-serpentine grasslands in the rest of the preserve (Moloney et al., 1992). The serpentine grasslands at Jasper Ridge may also be too xeric to be optimal for Mi. californicus (Lawrence, 1966; Laurance and Coan, 1987). Due to the average foraging radius of barn owls (2.5–3 km), there may be some possible overlap between pellet collection sites (Taberlet, 1983; Purger and Szép, 2022). This may especially explain the nested relationship between the Middle and Stanford Campus sites. However, since the Jasper Ridge and Stanford Campus collections sites are ∼6 km from each other, their overlap is likely to be minimal. Additionally, the close correlations between all alpha diversity metrics and human modification scores as well as the matching of indicator species which each study area’s level of disturbance and environment suggest that our results are robust.

Three of the Anthropocene indicator taxa—Rattus spp., Mus musculus, and Sorex cf. ornatus—in addition to Neurotrichus gibbsii are only found in the Anthropocene samples (Table 1). Since Rattus spp. and Mu. musculus were introduced post-colonially, we would not expect to find them in the archeological deposits. We presume that N. gibbsii and Sorex cf. ornatus, native small mammals, were missed from the Holocene deposits due to their small body sizes and low natural abundances, which is reflected in their poor fossil records. However, both species occupy a similar ecological niche, so their joint absence is notable (Dalquest and Orcutt, 1942). A potential explanation is that N. gibbsii and Sorex ornatus thrive in low, dense vegetation that may have been rare around the Holocene sites due to frequent controlled burns by the Ohlone (Owen and Hoffmann, 1983; Anderson, 2005). They additionally both primarily subsist on earthworms and other soil invertebrates, so their absence may reflect changes in the soil biota. One species, Chaetodipus californicus, is found in Holocene but not Anthropocene sites, suggesting that it may have been extirpated from the area. C. californicus is typically found at edges of chaparral which have largely been removed at the Middle and Stanford Campus study areas where C. californicus was found in the Holocene (Table 1; Quinn, 1990; Chaudhary et al., 2021). In general, chaparral was much more extensive in the region in the past (Cooper, 1926). Notebooks by Joseph Grinnell of the University of California Museum of Vertebrate Zoology show that he trapped C. californicus on Stanford Lands in the early 1900s (Grinnell, 1901). Additionally, a trapping survey at Jasper Ridge in 2007 documented this species, but also reports that it was absent in decades of prior small mammal studies (Jasper Ridge Annual Report 2007–2008). This suggests that while C. californicus may still be found in the study region, it may persist in low abundances and its presence has likely not been continuous over time. Unlike many other small mammals in this region, C. californicus is mainly solitary and has low intrinsic rates of population growth, making it more vulnerable to disturbance (Chaudhary et al., 2021). They are also granivores, so a paucity of seeds in the mowed lawns of Stanford Campus may also contribute to their absence there (Chaudhary et al., 2021).

Our modern sites do not include the full range of habitat modification in the Bay Area, with our “pristine” study area having experienced historical disturbance and our “urban” location being fairly suburban (Figure 1). However, this serves to strengthen our findings as even this conservative human modification gradient produces stark contrasts in mammal communities. We expect that a more inclusive human impact gradient (from highly “pristine” to highly urban) would have even more extreme differences in small mammal community composition.

One potential source of bias in our dataset is the different taphonomic biases between the Holocene and Anthropocene samples. It is unclear how many of the small mammal remains in open-air archeological deposits were accumulated by people vs. other processes. Many zooarcheologists exclude mammals smaller than rabbits in their interpretations of human foraging patterns because they assume that they are not significant components of past human diets (Pastron et al., 1988; Broughton, 2002; Wake, 2012). Bocek (1987) argued that rodents were likely disproportionately added via non-human processes at the Jasper Ridge Site because only 2% of their remains were burnt vs. 24% of other identifiable bone (Bocek, 1987). If small mammals were primarily added to the Holocene record by raptors, as is true of some other open-air archeological sites (López and Chiavazza, 2019), this would make the archeological deposits quite comparable to the Anthropocene ones. However, even if small mammals mainly entered the archeological record as a result of human harvesting, they represent low biomass per sampling effort and would likely be sampled locally and opportunistically (Bocek, 1987; Simms, 1987; Smith, 2003). Therefore, we assume that small mammal archeofaunal remains largely reflect their local relative abundances at their time of deposition.

Our recent manuscript has demonstrated that small mammal remains from raptor pellets also closely reflect the local environment (Viteri et al., 2021). We therefore argue that human-deposited and raptor-deposited sites are largely comparable. However, we find some possible exceptions to this argument. The small mammal taxa which characterize the Holocene sites, N. fuscipes and leporids, could suggest an overrepresentation of larger small mammal taxa which may have been actively foraged by humans. Neotoma fuscipes and leporids represent much more substantial meals than some of the other small mammals included in this study, and there is ethnographic evidence that they were eaten by people in this region of California (Bocek, 1987). However, when leporids and N. fuscipes are removed from the ordination analysis, Holocene and Anthropocene sites are still found to be distinct (p-value = 0.001). Additionally, the trend of declining N. fuscipes and leporids across gradients of human impacts is retained in the modern landscape, with numbers decreasing for both taxa from Jasper Ridge to Stanford Campus (Table 1). We therefore believe this to be a true signal of the Anthropocene. The local leporid species, Syvilagus bachmani and Lepus californicus, are chaparral-associated animals and therefore their declining modern abundance may reflect the well-documented decline in chaparral in this region over time (Bocek, 1987; Bocek and Reese, 1992). Their Holocene abundances may also be tied to the frequency of controlled burns set by the Ohlone, as jackrabbits have been found to become ∼4.5 times more numerous in recently burned spaces (Biswell, 1967). A greater pre-European abundance of N. fuscipes, a woodland-associated species, also makes sense due to the intense logging of the 19th century in this region (Carraway and Verts, 1991; Bocek and Reese, 1992).

Small mammal remains from late-Holocene fossil deposits have been shown to generally match the composition of living communities as well as surface collections of raptor pellets, showing that there is not an inherent bias in preservation (Terry, 2010). High live-dead agreement across temporal scales has been found both theoretically and practically (Terry, 2008, 2010). However, century-scale time-averaging can enrich richness and evenness in comparison to living communities (Terry, 2008, 2010). While this is not a problem when comparing Holocene sites to each other, this could be an issue when directly comparing our Anthropocene and Holocene samples. We reduced this bias by pooling our pellet samples across years (increasing time-averaging) and dividing our Holocene samples by collection levels (reducing time-averaging). However, there is still a mismatch, with the Holocene levels spanning much more time than Anthropocene samples. If a bias exists as a result, it could suggest that the Holocene evenness and richness values are artificially elevated, making the high Anthropocene Jasper Ridge values even more remarkable.

While differences in small mammal communities between the Holocene and today are reflective of broad-scale environmental change over time, they also reflect land stewardship by indigenous communities. Native Californians have lived in this region for thousands of years and continue to cultivate their traditional practices here today (Severson et al., 2022). The ancestors of the native peoples of this region, the Muwekma Ohlone, actively managed plants and animals across all three archeological sites during the Holocene (Bocek and Reese, 1992). These traditional ecological practices, such regular controlled burning of vegetation and the cultivation of native plants for traditional uses, were disrupted by European colonization (Anderson, 2005). Therefore, the compositional differences between modern and Holocene faunal communities have been shaped by human land management practices (Ohlone practices vs. European practices) in this region over time.

An important question in urban conservation is how best to “re-green” spaces. Despite being a small preserve, Jasper Ridge harbors significant habitat heterogeneity (Holl, 2003), which may contribute to its ability to protect native small mammal species even as non-native plant and animal species have proliferated. Jasper Ridge retains almost all of the native animals present a millennium ago, minus some megacarnivores and megaherbivores (Leempoel et al., 2020; Meyer et al., 2020). Additionally, the boundary of Jasper Ridge is semi-permeable and its residential surroundings allow some wildlife movement, ultimately connecting the reserve to other protected areas in the nearly Santa Cruz Mountains. We can also learn lessons from Stanford Campus, whose many green spaces are full of non-native species and subject to frequent modification. In particular, we believe the high proportion of lawns, including golfing greens, has led to the dominance of a disturbance-tolerant grassland-specialist (Microtus californicus) and a loss of the granivorous pocket mouse. Our results show that not all “green” spaces are equal, and that places with less human disturbance as well as more native vegetation, connectivity, and habitat heterogeneity will best preserve native fauna. Importantly, small preserves in urbanized landscapes may act as important sources of biodiversity for the colonization of new protected spaces. If these preserves can harbor native species in otherwise degraded environments, they may be able to supply species to neighboring lands.

We also show that space cannot always substitute for time in ecological studies. While many studies use protected spaces as a proxy for faunal community compositions prior to human modification (Pickett, 1989), we find that today’s communities are distinct from those of the past, regardless of protection status. Our results support previous critiques of space-for-time substitutions which argue that this widely used method can vastly underestimate human impacts on today’s ecosystems (França et al., 2016; Damgaard, 2019; Attinello, 2021). Therefore, if we are to understand how modern faunal communities have changed over time, we must look to the fossil or historical record rather than existing “natural” spaces as baselines.



Conclusion

Here, we demonstrate that modern small mammal communities are fundamentally distinct from even a few centuries ago, showing the importance of utilizing fossil and subfossil baselines to understand the impacts of humans on even the most resilient members of ecosystems. More optimistically, our results demonstrate that even a relatively small, protected space can at least partially protect native faunal communities, highlighting their important role in urban conservation. While biological preserves can buffer biodiversity change across spatiotemporal gradients of human impact, they cannot completely mitigate the overwhelming signal of the Anthropocene on today’s ecosystems.
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Cave guano deposits represent a relatively untapped paleoecological archive that can provide information about past vegetation, climate, and bat diet over several millennia. Recent research suggests that carbon isotope values (δ13C) measured in guano accumulations from insectivorous bats reflect the relative abundance of C3 and C4 plants on the landscape while nitrogen isotope values (δ15N) may reflect precipitation amount. Together, these proxies can provide useful information for restoration practitioners seeking to understand how plant species composition has changed over time in relation to climate and land use. To better calibrate these proxies for use in restoration, we compared instrumental records of precipitation and satellite imagery of vegetation with isotope values measured in modern bat guano from Mary Lawson Cave, a large limestone cavern located in central Missouri. Mary Lawson Cave hosts a maternity colony of insectivorous gray bats (Myotis grisescens), and as such, contains significant guano accumulations. In the fall of 2018, we collected a 60 cm long guano core that dates to 1999 cal AD at its base. Guano core δ13C values decrease from the base toward the surface (from ~-26 to -27‰) whereas δ15N values increase toward the surface even after accounting for ammonia volatilization (from ~3 to 5‰). Presently, the landscape around Mary Lawson Cave is dominated by a deciduous forest and pasture. Given that the land cover has changed very little over this period, the decline in δ13C values toward the present likely reflects a shift in land management on farms and/or increases in invasive C3 species. Rainfall amounts from nearby Lebanon, Missouri, are significantly positively correlated with guano δ15N values, a relationship that is notably opposite that observed previously in soil and plants. We argue that heavy fertilizer application and significant grazing intensity could lead to the accumulation of large pools of excess labile nitrogen which would be vulnerable to leaching during precipitation events. The relationship between guano δ15N values and precipitation may differ for materials from less agriculturally impacted locations or periods and should be extended into the past with caution.
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Introduction

It is becoming increasingly recognized that knowledge of the past can be used to help support present-day biodiversity conservation and restoration as well as both social and ecological resilience in the future (e.g., Dietl and Flessa, 2011; Dietl et al., 2015; Rick and Sandweiss, 2020; Boivin and Crowther, 2021, and references therein). Particularly in the face of rapid environmental change, awareness of the long-term trends and cycles acting within and upon an ecosystem will be invaluable for setting ecological restoration goals and creating management plans (e.g., Wingard et al., 2017). While recent historical data are often readily available from satellite imagery and weather stations, longer-term proxy data can be challenging to acquire, especially for sites where traditional proxy records are lacking or that may have a long land-use history predating the advent of modern instrumentation.

Protected from surface weathering conditions, cave guano deposits can accumulate undisturbed over thousands of years, potentially providing a high-resolution archive of past climate and environment, particularly for low- and mid-latitudes. Accumulating from the detritus of bats and birds that roost in large numbers, these deposits are primarily composed of unconsolidated organic material, such as insect remains (Mizutani et al., 1992a; Bird et al., 2007; Onac et al., 2014). Des Marais et al. (1980) were the first to propose that there could be a connection between guano carbon isotope values and local climate and environment; insectivorous bats feed on insects whose dietary preferences reflect the local vegetation, the distribution of which is ultimately driven by factors such as regional substrates, nutrient availability, climate, and/or human activity. Because carbon isotope (δ13C) values are primarily driven by the photosynthetic pathways of plants, with C4 plants exhibiting higher δ13C values than C3 plants (−12.5 ± 1.1 and −26.7 ± 2.3‰, respectively; Cerling et al., 1997), shifts in guano carbon isotope values may therefore be indicative of landscape-level changes in vegetation between grassland (which contain more C4 species) and forest (which are dominated by C3 plants). This relationship has been used to investigate the paleoenvironment in tropical (Bird et al., 2007; Wurster et al., 2010b, 2017), semi-arid (Wurster et al., 2008, 2010a), and temperate locations (Onac et al., 2014; Forray et al., 2015; Widga and Colburn, 2015). Assuming that bats consume a sufficiently heterogenous sample of local insects, it may also be possible to estimate the relative proportion of C4 biomass on the landscape using an empirical (Wurster et al., 2007) or mass balance (Wurster et al., 2017) approach.

Guano δ15N values, which have not only been linked to bat diet (Mizutani et al., 1992a; Lam et al., 2013; Salvarina et al., 2013) but also to landscape scale N-cycling and/or precipitation (Cleary et al., 2016), can also provide meaningful climatic and environmental information. Cleary et al. (2016) argued that guano δ15N values can be considered system integrators (Robinson, 2001), reflecting the extent to which N is retained in the ecosystem in the vicinity of the cave. An ecosystem with an “open” N-cycle experiences greater N loss relative to internal nitrogen cycling; losses through leaching and N-transformations both favor the loss of 14N, leaving the remaining nitrogen 15N-enriched (Austin and Vitousek, 1998; Robinson, 2001). Precipitation amount (Austin and Vitousek, 1998; Handley et al., 1999; Amundson et al., 2003) and agricultural activities, such as fertilizer application, controlled burning, and grazing intensity (Szpak, 2014), can further modulate the state of the N-cycle. In a core collected in Romania, Cleary et al. (2016) observed lower guano δ15N values during periods of increased fire activity and pasture expansion and a positive correlation between guano δ15N values and precipitation. This relationship with precipitation is notably opposite to the trend observed for soil and plant δ15N values (Austin and Vitousek, 1998; Handley et al., 1999; Amundson et al., 2003) and merits further investigation.

In this study, we seize the opportunity to further investigate the relationships between guano δ13C and δ15N values and environmental variables, including vegetation and precipitation, in a temperate climate. We collected a 60 cm long guano core from Mary Lawson Cave, a large limestone cavern in central Missouri, which is home to a maternity colony of federally endangered, insectivorous gray bats (Myotis grisescens). We sectioned the guano core, used multiple approaches to determine the age of the core, measured guano δ13C and δ15N values, and analyzed their change through time. Because dating estimates showed that the Mary Lawson guano core is very young, the entire period of accumulation corresponded with instrumental records (e.g., weather station precipitation measurements, satellite imagery). By comparing these young guano isotopic records with instrumental records, we aim to both quantify and contextualize the relationships between guano isotope values and environmental variables, such as plant community composition, land management practices, and/or climate. Our goal is to enable future researchers and restoration practitioners to use guano proxy records to help understand how the environment has changed over time and set historically informed restoration goals.



Materials and methods


Study site and subjects

Mary Lawson Cave, a large limestone cavern located in central Missouri, is home to a maternity colony of federally endangered gray bats (M. grisescens) and serves as a minor hibernaculum for Indiana bats (Myotis sodalis). Gray bats are insectivorous and found throughout much of the midwestern and southeastern United States (Tuttle, 1979). Gray bat diet varies considerably by age, sex, and reproductive condition (Brack and LaVal, 2006). At a local scale, gray bats appear to be opportunistic foragers, but on a broader scale, they are more selective, preferring to forage over streams and along woody riparian areas (Brack and LaVal, 2006). Gray bat dietary components are nonetheless correlated with prey abundance (Clawson, 1984; Barclay and Brigham, 1994). Common dietary items include, but are not limited to, mayflies, caddisflies, beetles, flies, and moths/butterflies (Best et al., 1997; Brack and LaVal, 2006). Caves are important to gray bats both in the winter for hibernation and in the spring/summer for raising their young (Martin, 2007). From March/April until early to mid-September, adult females congregate by the thousands to tens of thousands in maternity roosts, such as Mary Lawson Cave, to bear and rear the young (Tuttle, 1976).

To protect the bats in Mary Lawson Cave, the Missouri Department of Conservation installed a gate at the cave entrance in 2004. The gate was further reinforced in 2008. In the early 1970s, a previous cave owner enlarged the cave entrance and installed wiring in preparation for developing Mary Lawson as a show cave (Toole, 1995), but those plans never came to fruition. Based on guano area measurements and roost counts, bat populations in the cave initially increased following the installation of the gate; the gray bat colony grew from an average size of 35,850 between 1990 and 2000 to 71,000 in 2005 (Elliott, 2007). New counting methods using thermal infrared video monitoring suggest that the gray bat population at Mary Lawson consisted of >100,000 individuals in the spring of 2010 (Elliott et al., 2011). But, with the arrival of Geomyces destructans, the fungus that causes white-nose syndrome in bats in Missouri in 2010, the bat population in Mary Lawson Cave has most certainly declined.



Sample collection

In September 2018, we sampled a 60 cm long guano core in the main passage of Mary Lawson Cave. The core was collected from a relatively small guano pile located ~15 m inside the cave entrance. We used a 50-cm-long Russian peat borer (5 cm diameter; Maher, 2006; Forray et al., 2015) and collected material from two adjacent holes (A: 0–50 cm, B: 10–60 cm). The collected cores were labeled and encased in a PVC pipe for transport out of the cave and subsequently stored in a 4°C refrigerator before subsampling.

To provide context for guano core isotope data, we additionally sampled fresh, modern bat guano in June 2019. We laid out plastic sheeting on the ground outside the cave entrance in the evening and returned the following morning to collect fecal pellets that had accumulated on the plastic overnight. The samples were stored in microcentrifuge tubes with silica beads before analysis.



Radiocarbon dating and age model

We sent two untreated, bulk guano samples, one from the bottom (59–60 cm) and one from the middle (32–33 cm) of the core, to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility at the Woods Hole Oceanographic Institution for radiocarbon analysis. Given their modern age (see Results), we used the Bomb21NH2 bomb series calibration curve (Hua et al., 2022) in OxCal 4.4 (Bronk Ramsey, 2009) to calibrate the fraction of modern material in the samples to calendar years. We constructed an age model for our core using a weighted linear regression across these two calibrated dates and the date of sampling at the surface.



210Pb and 137Cs age-depth modeling

Given the young radiocarbon dates (see Results), we also employed 137Cs and 210Pb to model the age-depth relationship in the Mary Lawson guano cores. The evidence of 137Cs activity in the bat guano samples (n = 22) was determined by γ-emission (661.7 keV) using a Canberra gamma spectroscopy system with an HPGe well detector (model GCW 4023).

Measurements of 210Bi (n = 3) or 210Po (n = 19) in secular equilibrium with 210Pb were made following the methodology outlined in Waples (2020). Briefly, 207Bi or 209Po yield monitors (Eckert and Ziegler Isotope Products) were added to the weighed samples of bat guano before digestion in concentrated nitric acid. Bismuth was completely separated from lead on an Empore™ anion solid phase extraction (SPE) disk (3 M, 47 mm, product number 2,252, now manufactured by CDS Analytical). The Anion SPE disks were then immediately counted—first for 210Bi via β-decay on a low background gas-flow proportional detector with anticoincidence circuitry (G542 System, Gamma Products), and then for 207Bi via γ-emission to determine the yield. Polonium was plated to copper and α-counted for 210Po and the yield monitor 209Po. The reported activities (±1 SD) include propagated uncertainties in the decay rate, detector efficiencies, and yield. The activity calculations and corrections are fully described by Waples (2020).

The mass accumulation rate (MAR) of bat guano (g cm−2 yr−1) was calculated using the constant flux-constant sedimentation (CF-CS) model (Krishnaswamy et al., 1971; Robbins and Edgington, 1975):

[image: image]

where λ is the decay constant for 210Pb (0.03108 yr−1), C0 is the specific activity of 210Pb at the surface (dpm g−1), and Cm is the specific activity of 210Pb (dpm g−1) at some depth with cumulative mass m (g cm−2; Arias-Ortiz et al., 2018). The density profiles of guano were determined by dividing the total dry weight of each core segment by the volume of each core segment.



Elemental and isotopic analysis

Because of the potential for ammonia volatilization to impact the δ15N values of guano deposits (e.g., Mizutani et al., 1986; McFarlane et al., 1995), we isolated the chitinous component of the guano via solvent extraction for δ15N analyses. Briefly, following Wurster et al. (2017), we ground the samples using a mortar and pestle and removed lipids with 2:1 (v/v) dichloromethane/methanol. We then soaked the samples in 1 M NaOH for 30 min, rinsed them 3x with MilliQ water, and finally soaked the samples for 3 h in 2M HCl before rinsing 3x with MilliQ water and drying them overnight in a 50°C oven.

We conducted elemental and isotopic analyses on bulk (C and N) and solvent-extracted guano (N) at two institutions: Washington University in St. Louis (WUSTL) and Virginia Tech (VT). We analyzed eight samples at both institutions to ensure comparability and we noted the location of analysis for each sample in our comprehensive results table (Supplementary Table 1). At WUSTL, we weighed ~1 mg of dried, homogenized sample into 9 × 5 mm tin capsules for combustion on a Flash 2000 elemental analyzer coupled to a Thermo Delta V Plus continuous-flow isotope ratio mass spectrometer. We used a two-point linear normalization (with USGS 40 and USGS 41) to calibrate isotopic measurements to their respective internationally accepted scales (AIR and VPDB). The analytical precision (1σ) calculated on the repeated measure of an internal standard (n = 3; acetanilide; δ13C = −29.55‰, δ15N = 1.15‰) was <0.1‰ for both δ13C and δ15N. At VT, the samples were also weighed to ~ 1 mg, encased in 9 × 5 mm tin capsules, and analyzed on an Isoprime 100 isotope ratio mass spectrometer coupled with a Vario ISOTOPE Cube elemental analyzer in the Department of Geosciences. The analytical precision (1σ) based on the repeated analyses of a commercial standard (elemental microanalysis urea: δ13C = −48.63‰, δ15N = 57.37) was <0.3‰ for δ13C (n = 10) and <0.2‰ for δ15N (n = 16). We calibrated stable nitrogen isotope compositions to the AIR scale with USGS 25 and USGS 26 via a two-point linear normalization (δ15N = −30.41 and 53.75‰, respectively). Carbon isotope compositions were calibrated to the VPDB scale with IAEA CH 6 and CH 7 also via a two-point linear normalization (δ13C = −10.45 and −32.15‰, respectively). The average sample differences for the eight samples analyzed in both labs were within measurement error (0.3‰ for both δ15N and δ13C).



Precipitation and land use

We downloaded the precipitation data from the Midwestern Regional Climate Center (cli-MATE; https://mrcc.purdue.edu/CLIMATE/). We sourced data from the Lebanon 2W station (37.685, −92.6939, elevation 1,246 ft.), which is located ~20 km away from Mary Lawson Cave in Laclede County, Missouri, as this is the closest station to Mary Lawson Cave with a relatively complete record between 1998 and 2018.

To assess land use trends at a relatively coarse scale, we compiled county-level statistics from the United States Census of Agriculture for the three Missouri counties surrounding Mary Lawson Cave: Camden, Dallas, and Laclede. We looked at the proportion of land on farms together with the proportion of cropland, proportion of woodland, and proportion of land in corn to assess potential changes in the types of vegetation on the broader landscape. Many crops in Missouri have C3 photosynthetic pathways (e.g., soybeans, hay), but corn and sorghum (which is not grown to a significant degree in the counties of interest) are C4 photosynthesizers, and therefore, have higher δ13C values.

We additionally used National Land Cover Database (NLCD) GeoTIFFs provided by the USGS to examine interannual changes in land cover proximate to the cave system where the guano core was collected. The NLCD data provide 30-m spatial resolution classifications of Continental United States (CONUS) land cover updated at 2–3-year intervals. The NLCD land cover datasets are created using optical (e.g., Landsat) satellite imagery to produce a 16-class legend based on a revised version of the Anderson classification system (Anderson et al., 1976). We used all available CONUS GeoTIFF data corresponding to the period covered by the guano core (see Results), covering the years 2001, 2004, 2006, 2008, 2011, 2013, 2016, and 2019. The GeoTIFFs were masked within a 20 and 40 km buffer around the cave system coordinates to isolate land cover within the bats' foraging range. The GeoTIFFs were also masked within the combined boundaries of Camden, Dallas, and Laclede Counties. We then statistically aggregated the various land classes contained within the masked GeoTIFFs to quantify the land cover values and their interannual trends from 2001 to 2019. The GeoTIFF processing and masking were accomplished with QGIS Version 3.10, and statistical analysis on masked GeoTIFFs was accomplished with RStudio Version 1.4, using the raster package for data analysis and ggplot2 for plotting.




Results


Radiocarbon dating and age model

As alluded to above, both samples from the core were modern (Table 1), with the material from the bottom of the core dating to 1999 ±1 cal AD, and the middle to 2008 ±1 cal AD. Guano deposition appears to have been continuous and at a rate of ~3.3 cm/year.


TABLE 1 Radiocarbon results for the Mary Lawson cores.

[image: Table 1]



137Cs and 210Pb data

Gamma emission analysis of 22 bat guano samples from the surface (0–1 cm) to the bottom (59–60 cm) of the collected cores found no evidence of 137Cs activity, lending credence to the relatively young (>1,963) 14C-derived age of the core.

210Pb activities in the bat guano profile ranged from 3.3 ± 0.2 to 1.2 ± 0.1 dpm g−1 and tended to decrease with depth (Figure 1, Supplementary Table 1). Sampling overlap between the MLA core (filled circles) and the MLB core (open circles) showed good agreement as did the 210Pb activities derived by 210Bi analysis (triangles) and 210Po analysis (circles).


[image: Figure 1]
FIGURE 1
 210Pb activity in bat guano as a function of depth, where the bottom of the core reached the cave floor at 60 cm depth. Error bars show ±1 SD. The MLA core (filled circles) and the MLB core (open circles) show good agreement as do 210Pb activities derived by 210Bi analysis (triangles) and 210Po analysis (circles).


There have been several attempts to date guano cores in caves using 210Pb chronometry—not without controversy (e.g., Gallant et al., 2020; McFarlane and Lundberg, 2021). To use 210Pb as a chronometer of guano accumulation, several system parameters need to be defined. For instance, are inputs of 210Pb to the surface of accumulating guano constant? Is the 210Pb sourced primarily from the food bats consume and feces they produce, or is it through 222Rn decay in the cave chamber? If it is the former, have bat populations remained constant over time? If the latter, has ventilation between the interior and exterior of the cave remained constant? How much of the 210Pb profile is supported by local 226Ra decay? And is the supported 210Pb activity in equilibrium with the 226Ra activity or does a significant fraction of locally produced 222Rn diffuse out of the relatively porous guano pile? Finally, is the only mechanism for 210Pb loss through radioactive decay? Or, is the 210Pb mobile after the deposition? Unfortunately, for this study, most of these parameters are unknown. If we assume that the 14C dating is correct, the 210Pb profile record can be used to constrain the system parameters controlling the deposition and decay of 210Pb in this cave system.

Because the density of the bat guano core was essentially uniform with depth (Figure 2A) and the 14C-derived age of guano decreased linearly with depth (Figure 2B), we can calculate a constant 14C-derived guano accumulation rate of 0.50 ± 0.03 g cm−2 y−1 (Figure 2C). This 14C-derived accumulation rate can be translated to a linear 210Pb decay slope, where the dashed line in Figure 3 corresponds to the expected decay of 210Pb as a function of accumulated mass and a constant guano accumulation rate of 0.50 ± 0.03 g cm−2 y−1. A linear regression of the observed decay of 210Pb (Figure 3, solid line) results in nearly the same slope, with a corresponding guano accumulation rate of [image: image] g cm−2 y−1. This dates the bottom of the guano core to the year 1998 (±5 years), which is essentially identical to the 14C age.
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FIGURE 2
 (A) guano density; (B) guano strata dating based on time of collection (black circle) or 14C dating (gray circles); (C) guano strata dating as a function of accumulated core mass. The calculated guano deposition rate was 0.50 ± 0.03 g cm−2 y−1.
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FIGURE 3
 The natural log of 210Pb activity (open circles ±1 SD) as a function of accumulated guano core mass. The slope of the regression is equal to ln(Cm/C0)/m in Equation (1). The corresponding age of each stratum is shown along the right y-axis. The dashed line depicts the expected 210Pb decay slope while the solid line illustrates a linear regression of the observed decay of 210Pb.




Elemental and isotopic data

Fresh gray bat guano collected overnight in June 2019 had a mean δ15N value of 4.7 ± 1.7‰ and a mean δ13C value of −26.7 ± 2.0‰ (n = 35; Supplementary Table 2). Solvent-extracted guano core samples had substantially lower δ15N and marginally lower %N values than bulk guano, suggesting that ammonia volatilization significantly impacted the nitrogen data in this relatively young material (Supplementary Figure 1). All guano core nitrogen results presented henceforth are reported from the solvent-extracted samples. The %C and %N values remain relatively constant throughout the length of the core (mean and standard deviations of 33.4 ± 2.8 and 9.8 ± 1.0%, respectively (Figure 4, Supplementary Table 1). The atomic C:N ratios in the core fluctuate from 3.0 to 5.5; 3.1 ± 0.5). The guano core δ13C values decrease significantly from the base toward the surface (from ~−26 to −27‰; r2 = 0.192, p = 0.00031; Figure 5) whereas the δ15N values increase significantly toward the surface (from ~3 to 5‰; r2 = 0.161, p = 0.00095). There is greater variability in the δ15N values (mean and standard deviation: 4.2 ± 1.2‰) than in the δ13C values (mean and standard deviation: −26.3 ± 0.5‰). The guano core δ13C and δ15N values are not correlated (r2 = 0.0138, p = 0.18).
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FIGURE 4
 Variation in guano (A) %N (solvent-extracted), (B) %C (bulk), and (C) C:N with depth.
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FIGURE 5
 Relationship between guano (A) δ13C (bulk) and (B) δ15N (solvent-extracted) values with depth below surface. Linear regression line (blue) plotted with standard error (gray).




Environmental and land use data

There is no significant trend visible in the Lebanon precipitation data from 1998 to the present. Complete records of monthly and annual precipitation are available from the Lebanon 2W station for all but 2 years between 1998 and 2018. Yearly precipitation averages 109 cm/yr but varies from a high of 214 cm in 2008 to a low of 55.1 cm in 2014. Missouri experienced its wettest year on record in 2008 due in part to a moderate La Niña event (NOAA National Centers for Environmental Information, 2019), while 2014 was a drought year in much of Missouri. Both of these years can be considered outliers based on Cook's distance (Altman and Krzywinski, 2016) and we chose to analyze the data both with and without removing them. Without the two outlier years removed, the precipitation amounts increase slightly toward the present (+1.8 cm/yr; r2 = 0.0593, p = 0.16, Supplementary Figure 2A). With the two outlier years removed, the precipitation amounts increase more strongly toward the present (+2.4 cm/yr; r2 = 0.458, p = 0.0017; Supplementary Figure 2B). We also considered precipitation from the previous year's winter months through the growing season (previous October to present August), which likely contributes more significantly to N availability during the present year growing season (Cleary et al., 2016); the amount of precipitation from October to August increases weakly toward the present with outliers included (+1.4 cm/yr; r2 = 0.0192, p = 0.27, Supplementary Figure 2C) and more strongly with outliers removed (+1.9 cm/yr; r2 = 0.47, p = 0.0029, Supplementary Figure 2D).

The proportion of land on farms from 1997 to 2017 in Camden, Dallas, and Laclede Counties has remained relatively constant (Figure 6A), though farm composition has changed. The proportion of land in crops has declined significantly since 1997 (Figure 6B, r2 = 0.872, p = 0.013) while the proportion of land in pasture and rangeland has increased significantly (Figure 6C, r2 = 0.879, p = 0.012). The proportion of woodland has declined slightly, but not significantly (r2 = 0.627, p = 0.069). Corn is not a major crop in Camden, Dallas, and Laclede Counties, though the proportion of land planted in corn has increased slightly from 0.17% in 1997 to 0.52% in 2017 (Figure 6D). These trends also hold true when Laclede County is considered alone (Supplementary Figure 3). We also found that fertilizer use in Camden, Dallas, and Laclede Counties did not change between 2002 and 2017 (Supplementary Figure 4) nor did the number of common livestock animals in the tri-county area (cattle, horses, sheep, and goats from 1997 to 2017, Supplementary Figure 5A), though the number of livestock in Laclede County alone increased marginally (Supplementary Figure 5B).
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FIGURE 6
 Trends in land use in Camden, Dallas, and Laclede Counties between 1997 and 2017 as reported to the United States Census of Agriculture: (A) proportion of total land area in farms, (B) proportion of farm land planted in crops, (C) proportion of farm land used as pasture or rangeland, and (D) proportion of farm land planted in corn.


A 2001 to 2019 time series analysis of NLCD GeoTIFFs revealed little change in land cover masked within a 20 and 40 km radius around the cave system entrance as well as within the combined boundaries of Camden, Dallas, and Laclede Counties (Figure 7). In all three masks, most of the land cover throughout the time series was primarily deciduous forest and pasture/hay land classes. Deciduous forest exceeded the combined surface area of all the remaining land over classes. The distribution does not change in closer proximity to the cave system, as evidenced by similar land cover surface area distributions within the 20 and 40 km buffers. None of the land classes exhibited notable increases or decreases in surface area between 2001 and 2019.
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FIGURE 7
 Land class surface areas calculated from NLCD data from 2001 to 2019. Land use classifications are consistent with the NLCD naming convention. The (left) plot depicts land class trends within a 20 km buffer surrounding Mary Lawson Cave; the (center) plot depicts trends within a 40 km buffer; the (right) plot depicts trends within the combined area of Camden, Dallas, and Laclede Counties. Note that the majority of land use is dominated by deciduous forest (gold) and pasture (dark pink). The remaining land classes do not individually exceed 210 km2 of surface area, and thus are somewhat obscured due to overlap in the plots.




Comparison between guano isotope data and environmental variables

Considering previous research on the relationship between guano isotope values and environmental parameters, we evaluated the relationships between guano isotope values and several environmental variables, including precipitation and vegetation type. With the two precipitation outliers removed, neither guano δ13C nor δ15N values are strongly related to the same-year precipitation amount (r2 = 0.108, p = 0.12; r2 = 0.0874, p = 0.14). Guano δ13C values are similarly unrelated to previous year (previous year October to present year August) precipitation amount (r2 = 0.0129, p = 0.3, Figure 8A), but guano δ15N values are significantly positively correlated with precipitation amount from the previous year winter through the growing season (r2 = 0.286, p = 0.023, Figure 8B). These patterns are weakly evident when the precipitation outliers are included (Supplementary Figure 6).


[image: Figure 8]
FIGURE 8
 Relationship between bat guano core (A) δ13C and (B) δ15N values with precipitation amount from the previous year through the growing season (October–August).





Discussion


Guano age dating

The similarity between the 14C- and 210Pb-derived ages implies several things about 210Pb accumulation and decay in this cave system. First, it was assumed that the 226Ra and supported 210Pb activities in the guano core were negligible. Any significant supported 210Pb activity would have dramatically increased the apparent decay of unsupported 210Pb, resulting in a decrease in the apparent guano deposition rate and an increase in the overall age of the core—a result incongruent with the 14C and 137Cs chronometers.

Second, 210Pb in the guano core most likely originated from the influx and subsequent decay of 222Rn sourced from outside of the cave (Waring et al., 2021). The annual rate of atmospheric 210Pb deposition at the latitude of Mary Lawson Cave (~37° N) is roughly 1.0 ± 0.6 dpm cm−2 y−1 (Baskaran, 2011). After 19 years of accumulation (i.e., the accumulated age of the core) and concomitant decay, the expected inventory of 210Pb in an area above the cave and exposed to the atmosphere would be 8.2–21.8 dpm cm−2. The measured inventory of 210Pb in the bat guano core was 20.2 dpm cm−2 and within the expected range of atmospheric deposition. Moreover, the more than doubling of the gray bat population between 2000 and 2010 showed no signs of increasing either the guano or 210Pb deposition rate at the site the cores were collected.

Lastly, although 210Pb activities dropped significantly at several time points (e.g., 2001, 2006, and 2011 in Figure 3), there is no evidence of sustained 210Pb mobility in the profile at this site. Additional measurements are needed to determine if the observed decrease in 210Pb at certain strata is repeatable or merely sampling artifacts.



Guano integrity

Although the Mary Lawson guano core is young, it is still important to consider the possibility of post-depositional modification. Guano δ15N values could be altered through ammonia volatilization, whereby the volatile loss of 14N would leave the residual guano enriched in 15N (Mizutani et al., 1986, 1992b; McFarlane et al., 1995). Previous research suggests that this process is driven by the relatively rapid loss of urea (McFarlane et al., 1995), which has a half-life of ~40 years at 25°C (Sigurdarson et al., 2018). Nonetheless, subfossil and fossil guano deposits have been shown to be faithful recorders of the primary δ15N signal, as insect chitin, which makes up ~25-40% of insectivorous bat guano, is very resistant to alteration (McFarlane et al., 2002). We, therefore, chose to solvent extract our guano samples to isolate the chitinous component for nitrogen isotope analysis, thereby removing any overprinting by ammonia volatilization (Supplementary Figure 1). If the solvent-extracted guano were still impacted by post-depositional processes, we would expect to see %N decrease along with an increase in the δ15N values (Bird et al., 2007). We however see no trend in the guano %N values with depth and the average %N values are similar to previously studied unaltered guano deposits (e.g., ~10%, Bird et al., 2007; Cleary et al., 2016). After accounting for ammonia volatilization, any remaining variability within the record can be attributed to primary changes in bat guano isotopic values rather than to post-depositional processes. Additionally, there has been considerable momentum in understanding guano/manure applications as seasonal activities in ancient agricultures using plant nitrogen isotope compositions (e.g., Bogaard et al., 2007; Szpak, 2014). Our results, which illustrate the strong influence ammonia volatilization can have on δ15N values (Supplementary Figure 1), raise awareness of the slowness (over decades, though see Sigurdarson et al., 2018) of ammonia volatilization calling for caution in archaeological interpretation.



Drivers of isotopic change
 
Guano δ13C values

The guano core δ13C values consistently fall within the range expected for C3 plants, but the small decrease toward the present suggests a possible increase in C3 plants relative to C4 plants that can likely be attributed to changes in the composition of farm and pastureland. Although the satellite data suggest that there were no major changes in land cover during the time represented by the guano core, the data from the Census of Agriculture indicate a shift in farmland allocation; the land area in active cropping declined while the land area in pasture increased (Figure 6). The satellite data do not capture this change, but previous research suggests that the potential for misclassification in the NLCD is particularly high in areas dominated by forest, as is the case in this area of Missouri (Maxwell et al., 2008). Fescue (Festuca spp.) is the primary forage species found in Missouri pastures, often planted in a mixture alongside legume species, such as clovers (Trifolium spp.) to increase feed quality (Glenn et al., 1981; Phelan et al., 2015). Fescue is a perennial, cool-season grass that uses the C3 photosynthetic pathway, whereas the dominant native savanna plants in Missouri are C4 photosynthesizers (e.g., little bluestem, Schizachyrium scoparium; Baskin and Baskin, 2000). The conversion from native savanna or prairie to pasture would not necessarily be accurately discernable in the satellite data (e.g., Wickham et al., 2017), but such a change could still be accompanied by a shift in carbon isotope values if C4 species are replaced with C3 species like fescue. Native grasses may also be replaced by rapidly spreading invasive grasses, such as Bromus inermis (Stotz et al., 2019) or shrubs such as multiflora rose (Rosa multiflora; Moser et al., 2008). Finally, another explanation for the proportional increase in C3 species over time is that the very open, forb-dominated forest understories historically found in the region have increasingly been invaded by Japanese and Bush honeysuckle (Lonicera japonica and L. maackii) over the last 20 years and they now form dense understories in woodland areas in the region (Moser et al., 2008). Such a change would also be unlikely to be detected by satellite data. Though the proportion of corn being planted on farms over this same period increases rather than decreases, the acreage planted in corn is likely too small relative to pasture (1,000s of acres vs. 10,000s) to influence the guano δ13C values. The very low proportion of land planted in corn (<0.01%) is, however, consistent with the estimates of the relative abundance of C3 vs. C4 plants on a landscape using the empirical equations developed by Wurster et al. (2007), which are all <0.1%. The presence of additional native C4 prairie and savanna plants likely make up the difference.

Changes in bat guano δ13C values could also be attributable to ecosystem-scale plant water availability within a temperate, C3-dominated landscape because carbon isotope values of C3 plants are associated with water use efficiency (Forray et al., 2015). Several local (Stewart et al., 1995) and global (Diefendorf et al., 2010; Kohn, 2010) compilations of C3 plant δ13C values show a distinct, non-linear negative relationship between plant δ13C values and mean annual precipitation (MAP), such that δ13C values decrease with increasing MAP. Based on the equation for MAP as a function of δ13C presented by Kohn (2010), the small increase in precipitation amounts we see near Mary Lawson Cave between 1999 and 2018 (+40 cm/yr) could account for a ~0.6‰ decrease in carbon isotope values. This suggests that the ~1‰ decrease in δ13C values in the Mary Lawson guano core could largely be attributed to an increase in precipitation. Nonetheless, we saw no correlation between bat guano δ13C values and precipitation amount at this location (Figure 8A) and the lack of a correlation between guano δ13C and δ15N values in the Mary Lawson core might suggest that changes in these two proxies are attributable to different drivers.



Guano δ15N values

The increase in bat guano δ15N values from the base of the Mary Lawson core toward the surface is slight but it still requires explanation. The changes in bat guano δ15N values are likely attributable to three potential drivers: (1) changes in bat diet, (2) changes in land use or management, and/or (3) changes in precipitation. It is important to try to evaluate the relative influence of these different drivers on bat guano δ15N values so that restoration practitioners and land managers can both appreciate the complexity of this proxy and maximize its utility for achieving restoration goals. Below we explore each of these three potential drivers in detail.

Given that the average increase in δ15N values with each trophic step is around 3–5‰, a shift of ~2‰ could simply be attributable to a trophic shift. Nonetheless, it seems unlikely that bat dietary preferences would change drastically over just 19 years. As stated above, gray bats are insectivorous and they are opportunistic foragers at a local scale, consuming insects roughly in proportion to their abundance (Clawson, 1984; Barclay and Brigham, 1994). Their diets largely consist of mayflies, caddisflies, beetles, flies, and moths/butterflies (Best et al., 1997; Brack and LaVal, 2006). The nitrogen isotope values measured in individual modern gray bat scats range from 0.0 to 6.8‰, suggesting that presently, these bats are consuming a wide range of insects. It is certainly possible that, in the context of declining insects in the Anthropocene (Wagner, 2020), gray bats have had to change their diet as the relative abundance of insects change, though much of the research on insect declines has been conducted in Europe and few studies have focused on the midwestern United States (but see Wepprich et al., 2019). It is also possible that bats have had to adjust the area over which they forage in response to fluctuating population sizes; larger bat populations may have had to travel further afield to find sufficient food. The gray bat population at Mary Lawson Cave increased following the installation of the gate, but it also likely decreased again after the arrival of the fungus that causes white-nose syndrome in bats in 2010. If a change in foraging area contributed to the shift in guano δ15N values in the Mary Lawson core, then we might expect those values to first rise and then fall again as populations declined; instead, we see a roughly linear, though certainly variable, increase in δ15N values toward the present. Future research using compound-specific nitrogen isotope analyses of individual amino acids could provide an opportunity to decipher whether the increase in δ15N values observed here is attributable to a change in bat diet or a change at the base of the food chain (e.g., Whiteman et al., 2019). At present, we suggest that a change in bat diet could contribute to the increasing guano core δ15N values but does not account for the entire signal.

Nitrogen in a given food chain is ultimately derived from the soil N-cycle at the base of the food web, where a complex array of biogeochemical processes lead to N-transformations (e.g., nitrification, denitrification, ammonia volatilization; Högberg, 1997) that impact soil and plant nitrogen isotope values. Agricultural activities, including fertilizer application, fire, and grazing intensity, can also have significant impacts on the nitrogen cycle and soil and plant nitrogen isotope values (Szpak, 2014). The nitrogen isotope values of synthetic fertilizers vary considerably (−5.9 to 6.6‰; Bateman and Kelly, 2007), however, manure often has relatively high δ15N values (mean of 8.1‰; Bateman and Kelly, 2007). Numerous studies now show that the elevated δ15N values characteristic of manure are reflected in plants grown with manure (e.g., Bogaard et al., 2007) such that an increase in the use of manure as fertilizer could explain the increase in the guano core δ15N values. While the Census of Agriculture data from Camden, Laclede, and Dallas counties show a slight increase in the number of acres over which manure is spread (Supplementary Figure 4A), it is likely too small to significantly impact soil and plant δ15N values. Synthetic fertilizer remains much more widely applied in these counties, covering an area of ~150,000 acres vs. just ~25,000 acres (Supplementary Figure 4).

Fire can also affect δ15N values, though studies are mixed on the magnitude and direction of the impact; most commonly, higher foliar δ15N values are initially evident in post-fire vegetation followed by a return to pre-fire values over several years (summarized in Szpak, 2014). For example, vegetation from burned pine forests in California ranged from 4.7 to 8.8‰ higher than that sampled from mature, unburned forest stands (Grogan et al., 2000), suggesting that the magnitude of the difference in δ15N values is comparable to the difference between plants fertilized with manure and plants that are unfertilized. Data on fire location and extent (in acres) are kept and compiled by the Missouri Department of Conservation. These records show that between 2000 and 2018, a total of 39,865 acres burned in Camden, Dallas, and Laclede Counties, but there is no relationship between the acres burned and year either within Laclede County alone or across all three counties (Supplementary Figure 7). Wildfire is, therefore, unlikely to explain the slight increase in bat guano δ15N values at Mary Lawson Cave. It is still possible that some farmers or land managers practiced controlled burning on their properties, which may have impacted guano δ15N values at Mary Lawson Cave, but we do not have the data to support or refute this.

Grazing intensity can additionally increase soil and vegetation δ15N values (Szpak, 2014). Grazing animals add nutrients to plant-soil systems by depositing urine and feces and can further alter nutrient cycling through physical disturbances, such as trampling (Bardgett and Wardle, 2003; Singer and Schoenecker, 2003). Szpak (2014) summarized the studies of plant and soil δ15N values under different grazing intensities, and while the results vary, areas experiencing higher grazing pressure generally show higher soil and plant δ15N values. This increase could potentially be attributable to an increase in the “openness” of the nitrogen cycle, which reflects the relative importance of within-system cycling vs. inputs and outputs; when outputs are large in comparison to internal cycling, soil and plant δ15N values will be higher and nitrogen cycling more open (Austin and Vitousek, 1998). Intensively grazed areas are characterized by both elevated inputs and outputs of nitrogen; they receive direct additions of mineralized or highly labile forms of N, but they also frequently exhibit elevated rates of nitrogen transformation (e.g., ammonification, denitrification, ammonia volatilization, and leaching of [image: image]; Högberg, 1997). Still, there is evidence that ecosystem δ15N values increase when inputs, cycling, and outputs are all higher (Högberg et al., 2011, 2014). Given that a large portion of land has been converted from active agriculture to pasture within Camden, Dallas, and Laclede Counties (see Figure 6), if that conversion was accompanied by an increase in livestock, it is possible that greater animal density could be contributing to increasing the baseline δ15N values in the area, as has been observed elsewhere (e.g., Marshall et al., 2018). While the number of livestock animals (cattle, sheep, goats, and horses) did not increase over the tri-county area for this period, it did indeed increase in Laclede County (Supplementary Figure 5).

There is a well-documented negative relationship between soil and plant δ15N values and mean annual precipitation across local, regional, and global scales, such that higher δ15N values commonly correspond with lower amounts of precipitation (Austin and Vitousek, 1998; Handley et al., 1999; Amundson et al., 2003; Swap et al., 2004). Austin and Vitousek (1998) argued that the loss of nitrogen relative to nitrogen cycled between plants and soil would be large in drier sites, as reduced plant demand would leave large pools of relatively labile nitrogen vulnerable to leaching or ammonia volatilization. Because these nitrogen transformations preferentially remove 14N, the remaining soil and plants will have higher δ15N values. Alternatively, in a wet ecosystem, increased production would reduce the size of the standing nitrogen pool and shift the balance such that internal nitrogen cycling would outpace nitrogen loss, resulting in a “closed” nitrogen cycle and lower plant and soil δ15N values (Austin and Vitousek, 1998).

At Mary Lawson Cave, we instead observe a positive correlation between bat guano δ15N values and precipitation from the previous winter suggesting that the nitrogen cycle in this temperate, agriculturally influenced ecosystem opens when precipitation is high. This is consistent with observations at Zidită Cave in Romania, where Cleary et al. (2016) found that drier intervals corresponded with lower δ15N values. The resolution of the Zidită core was not fine enough to quantitatively compare guano δ15N values with precipitation amount, but our data from Mary Lawson Cave show that for every 1‰increase in bat guano δ15N, winter precipitation amount increases by about 13 cm per year. Still, while the relationship is significant, it does not explain all the variation in guano δ15N values (r2 = 0.286 when outliers are excluded), suggesting that climate plays a role in shaping guano δ15N values, but not to the exclusion of other factors, such as agricultural activities. Cleary et al. (2016) posited that the observed positive relationship between guano δ15N values and precipitation amount at Zidită Cave may be specific to the temperate region, rather than arid environments or the tropics, where much of the previous bat guano nitrogen isotope research was conducted (e.g., Mizutani et al., 1992a,b; Wurster et al., 2007). Indeed, historical bat guano δ15N data from more arid Eagle Creek Cave, Arizona, did not correlate with any climatic data (Wurster et al., 2007). We additionally suggest that ecosystems highly impacted by agriculture, like the areas around both Mary Lawson and Zidită Caves, could accumulate relatively large pools of excess labile nitrogen derived from fertilizer application and/or livestock. These nitrogen pools would then be vulnerable to leaching during precipitation events, thereby, flipping the N-cycle open when precipitation amounts increase. This idea is supported by research that suggests that both heavy fertilizer use and significant grazing intensity increase nitrogen leaching (Wachendorf et al., 2005; Hussain et al., 2020). A further possibility is that the pooling of excess, agriculturally derived nitrogen may be more prevalent in temperate regions lending support to the observation made by Cleary et al. (2016). However, the relationship between guano δ15N values and precipitation may differ for materials from less agriculturally impacted locations or periods; we, therefore, encourage caution when extending these records into the past. Future comparison between speleothem oxygen isotope and guano nitrogen isotope data collected in the same cave would help to clarify the guano δ15N and precipitation relationship.

Our results suggest that guano δ15N values provide information about both climate and agricultural practices but will be best interpreted in conjunction with additional proxy records. Guano can additionally trap a variety of pollen grains and charred particles, providing further information about the vegetative landscape and land use surrounding caves. Airborne dust and pollen grains adhere to both insects and bats as they fly (Maher, 2006), ultimately becoming part of the guano record. Using similar methods as for lake and peat cores, the relative abundance of pollen types can be tracked with depth to reconstruct past changes in the composition of local vegetation (Carrión et al., 2006; Maher, 2006; Batina and Reese, 2011; Forray et al., 2015). Microcharcoal serves as a proxy for fire and together with pollen provides information about the interplay between biomass burning (often anthropogenic) and vegetation change (Forray et al., 2015). Should there be paleontological remains associated with guano deposits, they too can provide a record of the local landscape change (Widga and Colburn, 2015). Given the range of possible proxy records obtainable, cave guano deposits offer a unique opportunity to investigate past climate and environment from multiple angles using the same material.





Conclusions and implications for restoration

Both bat guano carbon and nitrogen isotope values provide important information about climate and environment. By comparing isotopic values from a relatively young, high-resolution guano core, we have reaffirmed that guano δ13C values reflect both water availability and the extent of C3 vs. C4 vegetation in the surrounding landscape while guano δ15N values are strongly influenced by climate, agricultural practices, and the interaction between these two factors. Importantly, bat guano records can provide information about past climate and environment in places where paleoecological records were previously unobtainable. The humid tropics, for example, host much of the Earth's biodiversity and play an important role in global climate, but tropical paleoenvironmental records are limited, in large part, due to preservation issues. Bat guano, which can accumulate over millennia, is already providing crucial information about climate and environment in equatorial Southeast Asia as far back as the last glacial maximum (e.g., Wurster et al., 2010b).

Combined with additional proxy records from the same material (e.g., pollen, microcharcoal), bat guano isotopic records can help to clarify the characteristics of ecosystems that occurred in a site before human disturbance, identify the range of ecosystem types that have previously been supported in a particular area, and uncover the long-term ecosystem trajectory. We advocate for paleoecologists and restoration practitioners to collaborate to set goals and maximize the utility of the information these types of records can provide. By analyzing guano core δ13C values, researchers will be able to place quantitative estimates on the relative abundance of C3 and C4 vegetation on the landscape. The inclusion of pollen analyses will help to contextualize these results by providing information about the types of plants present; if changes in guano carbon isotope values are not accompanied by changes in pollen composition, it would suggest that changes in precipitation, rather than plant composition, are driving the isotopic shift. In relatively young accumulations from areas likely to have been impacted heavily by agriculture, guano core δ15N values can provide further information about past precipitation. Future work is, however, necessary to further clarify the relationship between the guano δ15N values, precipitation, and land use.

Particularly now, during the UN Decade on Ecosystem Restoration, restoration plans must incorporate information about the past ecosystems supported by a site as well as the range of climates in which those ecosystems existed. For example, in the eastern and midwestern United States, and in some tropical ecosystems, there is increasing evidence that natural grasslands have been mesified and forested (e.g., Paulson et al., 2016; Arasumani et al., 2019; Bonanomi et al., 2019); restoration efforts that do not take this information into account could erroneously establish forest in a place where grassland would be more appropriate. Bat guano accumulations in the southeastern United States, for example, are presently untapped archives that could provide information about the extent of forest vs. grasslands before European colonization and potentially even before human presence.
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Numerous studies address changes in wetland deposition in response to saltwater encroachment driven by the accelerating rate of sea-level rise, by quantifying temporal changes recovered from a vertical sediment sequence. This is the first landscape scale study, based upon 10 core transects representing the heterogeneity of the Southeast Saline Everglades, Florida. By utilizing the known salinity preferences of molluscan assemblages, a Salinity Index was calculated for each core sequence and the recorded salinity changes identified and dated. Radiometric dating utilizing the 210Pb method provides the rate of sediment accumulation and the date of changes identified in the core. The core transects provide the basis for calculation of the rate of saltwater encroachment by comparing the date of saltwater encroachment and the distance between two cores. Thereby, temporal and spatial changes in other sediment parameters in a landscape can also be quantified, such as organic carbon. This paleo-ecological approach to rapidly changing coastal conditions can be utilized to provide scientists and land managers with a record of the past, rate of changing conditions and provide the basis for predicting the future trajectory of their site. Application of this paleo-ecological approach documented increasing rates of saltwater encroachment associated with accelerating rate of sea-level rise: an average rate of 49.1 between 1895 and 1940, 69.2 between 1940 and 1968, 73 between 1968 and 1995 and 131.1 m/yr between 1995 and 2015. Approximately 1.79 km of saltwater encroachment has occurred since 1995, with three partial reversals because of increased freshwater delivery. Associated with saltwater encroachment are changes in sediment organic carbon, decreasing area of marl production and increasing distribution of mangrove. Although the distance of saltwater encroachment is greater in Florida Bay, both changes in sediment organic carbon and mangrove distribution are much less than in Biscayne Bay coastal basins. This heterogeneity is likely the result of differences in tidal ingress efficiency. At the present rate of saltwater encroachment, the freshwater wetlands are predictably lost within a century.
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Introduction

This study is the first to determine rates of salt water encroachment (SWE) and changes in sediment organic carbon (SOC) over time by paleo-ecological application of mollusk salinity tolerances contemporaneously with radiometric dating along shore normal transects. (Note: All non-standard abbreviations found in Table 1). The interest in these two subjects is driven by the accelerating rate of global sea-level rise (SLR) which is threatening low-lying coastal areas (Spencer et al., 2016). SLR driven saltwater encroachment (SWE) increases salinity, the most important stressor in the coastal system (Morris et al., 2002; Mitsch and Gosselink, 2015). Increasing salinity triggers changes in: the distribution and type of plant communities (Ellison and Stoddart, 1991; Ellison, 1993; Ross et al., 2000), plant productivity (Blum and Roberts, 2009; Wilson et al., 2018; Charles et al., 2019), organic carbon storage (Neubauer et al., 2013; Doughty et al., 2016; Meeder et al., 2021) and sulfur availability (Sutter et al., 2014; Poulin et al., 2017; Chambers et al., 2019). The combined effects of these changes are a reduction in rates of vertical sediment accumulation, peat collapse, and the formation of inundation ponds in South Florida (Chambers et al., 2015; Meeder et al., 2017; Servais et al., 2019; Wilson et al., 2018; Kominoski et al., 2021). Ultimately, these changing patterns in sediment production and accumulation are preserved in the stratigraphic record (Meeder and Parkinson, 2018). This study pioneers the utilization of paleo-ecological methods in deciphering the stratigraphic record in order to calculate the rate of coastal salinity and SOC change at the landscape scale. As SLR continues to accelerate, widespread submergence of Southeast Florida coastal wetlands and the formation of intertidal and subtidal mudflats is likely (Parkinson et al., 2015; Meeder et al., 2017; Sklar et al., 2019; Parkinson and Wdowinski, 2022).


TABLE 1    Non-standard abbreviations.
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Changes in sediment organic carbon are important because coastal wetlands, and mangroves in particular, contain some of the highest SOC content reported including tropical rainforest and are therefore important in the global carbon cycle (Chmura et al., 2003; Mumby et al., 2004; Spalding et al., 2010; Bouillon, 2011). Although coastal wetlands occupy a small percentage of the earth’s surface, they store a disproportionately large volume of organic carbon (Chmura et al., 2003), and their location at the land-sea interface makes these organic carbon stores subject to rapid change in response to SLR. The history of the Holocene exemplifies the influence the rate of SLR has on coastal stability and change. The rate of SLR during the Early Holocene (11 to 6 KYBP) was > 10 mm/yr and coastlines were submerging, leaving little record (Wanless et al., 1994). During the Middle Holocene (6 to 3 KYBP) the rate of SLR decreased to between 2 and 3 mm/yr and coastal wetlands and barrier islands developed under conditions of retreat. The rate of SLR further decreased to < 1 mm/yr approximately 3,000 YBP, marking the beginning of the Late Holocene and stable coastlines (Donoghue, 2011; Kopp et al., 2015). The present mangrove fringe developed around 3,165 YBP and the landward associated freshwater wetland sediment accumulation rates (SAR) were sufficient to maintain their relative elevations in respect to sea level during the last 3 KY, allowing the freshwater wetlands to expand landward with SLR. Around 1900 the rate of SLR increased to 2 mm/yr, beginning a trend of accelerating rate of SLR termed the Anthropocene Marine Transgression: the only global transgression produced by humans (Meeder and Parkinson, 2018). The present global rate of SLR is 3.6 mm/yr (Oppenheimer et al., 2019); in contrast, the regional average rate for south Florida was 6.47 between 2000 and 2021 and 9.41 mm/yr during the last decade (Parkinson and Wdowinski, 2022). Continuing global warming and acceleration in the rate of SLR is predicted for the near future (Sweet et al., 2017; Fox-Kemper et al., 2021) and will likely continue for centuries until ice-free conditions are reached (Levermann et al., 2013). The last time atmospheric CO2 was near present day concentrations was 3 MYA during the Middle Pliocene Warm Period when sea-level was 25 m higher than present (Klaus et al., 2017; Meeder et al., 2019).

The Late Holocene Southeast Saline Everglades (SESE) oligotrophic wetland environment developed east and south of the Late Pleistocene (Hoffmeister et al., 1967) Atlantic Coastal Ridge (ACR) on the broad, slightly seaward dipping ramp lying below 1.5 m (Figure 1). Transverse glades, erosional breaks in the ACR (Meeder and Harlem, 2019), historically drained the central Everglades basin and maintained freshwater wetlands but today serve as conduits for much-reduced Everglades’ flows, including urban and agricultural runoff, to Biscayne Bay. The ramp provides an area for development of wide bands of plant communities and associated facies along the shore-normal salinity gradient, permitting easy recognition of changes associated with SLR driven SWE (Meeder et al., 2017). The SESE is comprised of numerous coastal basins divided into two groups: those found along Biscayne Bay and Card Sound, collectively called Biscayne Bay coastal basins (BBCB), and those found along Barnes Sound and Northeastern Florida Bay collectively called Florida Bay coastal basins (FBCB). BBCBs have greater slopes but are narrower and incoming tidal waters are more saline with efficient exchange in contrast to FBCBs. FBCBs have poor tidal exchange because of the coastal embayments and offshore banks and salinity crises caused by wind and evaporation are common (Lorenz, 2014). Coastal basin topography is produced by different plant communities producing different SARs, with communities along the coast and creek banks exhibiting greater SARs than interior plant communities (Meeder et al., 2017).
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FIGURE 1
Study area. The heavy black lines are the transect locations. HC, Historic Creek. MC, Mowry Canal. TKY, Turkey Point, TRI, Triangle transect. TA and M5 are locator labels with no specific meaning TPPP, Tukey Point Nuclear Power Plant 210Pb dating was performed on the following cores collected in 1995; TPE, LHC, and CHC (equivalent to 2017 transect TA2), CJB, LJB, and UJB (equivalent to 2017 transect TA3), and EVER 4 and EVER 7 are north of 2017 transect TA4 (Meeder et al., 1996). Core collected in 2017 include EVERl north of TRI, TA2.2, TA2.4, and TA2.6 from transect TA2. TA3.4 and 3.5 are from transect TA3, and EPIOR is found along transect TA4. Locations of 2017 cores along the transects are located in Figure 7 and the distance to the coast for all 2017 cores are listed (Table 4).
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FIGURE 2
Plant community and associated biogenic sediment with characteristic mollusk. (a) Saw grass community, (b) Saw grass peat marl overlain by white marl (TKYINT, l7–32 cm), (c) immature Planorbella scalaris, typical freshwater gastropod (upper shell 2.2 mm in width), (d) Eleocharis-penphyton prairie, (e) white mail overlying tan marl (Core TKYW: I2–25 cm), (f) the euryhaline Hydrobiid, Littoridinops monoroensis (average 2 mm in height), the most abundant algal grazing gastropod, (g) freshwater Physa cubensis, a detritivore gastropod, (h) mangrove scrub, (i) mangrove peat marl (Core X: 17–35 cm), (j) immature filter feeding marsh clam, Cyrenoida floridana (5.5 mm in height), (k) mangrove fringe, and (l) mangrove peat (Core X: 9–25 cm).
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FIGURE 3
(A) Box-plot illustrating the relationship among bulk density and sediment types. (B) Box-plot illustrating the relationship among SOC density (SOC g/cm3) and sediment types. (C) Box-plot illustrating the relationship among the rate of SOC accumulation (SOC g/cm2/yr) and sediment types. (D) Box-plot illustrating the relationship among the Salinity Index and sediment types.
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FIGURE 4
Core pairs from transects indicating the dates of contacts between core pairs and the distance between the cores. The led line separates freshwater (yellow) from marine influenced (orange) sediments, the arrow points in the direction of saltwater encroachment. (A) Short transects from Biscayne Bay coastal basins. (B) Long transects from Florida Bay coastal basins and the Turkey Point transect from Biscayne Bay. Note the change in horizontal scale.
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FIGURE 5
(A) Relationship between SOC density and sediment depth by location. (B) Relationship among SOC, depth interval and location. BB, Biscayne Bay; FB, Florida Bay.
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FIGURE 6
(A) Regression analysis demonstrates the relationship between SOC and DTC by sediment depth interval by location (Supplementary Table 1). (B) Percent mangrove cover as a function of distance to the coast (data from all 50 vegetation sites including the 22 sediment core sites) and (C) Regression analysis demonstrates the relationship between SOC density and percent mangrove cover by location and sediment depth interval (Supplementary Table 1).
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FIGURE 7
Saltwater encroachment by time. Extent of saltwater encroachment in I895 (Yellow line), 1995 (Green line), 2015 maximum saltwater encroachment (Red line) and 2015 final saltwater encroachment (Purple line). The location of 1995 transects are indicated by black dashed lines and 2015 transects by solid black lines. TPPP, Turkey Point Power Plant.



TABLE 2    Mollusk taxa found in each facies.
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TABLE 3    Summary of facies characteristics (modified from Meeder et al., 2017).
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TABLE 4    Sediment accumulation rates (based upon average accumulation rate for the century).
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Observations over the past two decades suggest rapid changes in the SESE environment since a baseline study in 1995 that addressed the period 1895–1995 (Meeder et al., 2017). The most obvious change is mangrove infringement into freshwater marshes, a sign of SWE. This study addresses the rates of SWE and patterns of SOC deposition during the last 20 years and contrasts coastal BBCBs to interior areas of FBCBs. Few studies address how SLR and SWE-driven changes in coastal wetlands affect OC storage at the landscape scale (Lamont et al., 2020; Meeder et al., 2021). The influence of SLR on SWE and the effect of the latter on facies distribution have already been established (Meeder et al., 2017; Meeder and Parkinson, 2018). However, the impacts of acceleration in the rate of SLR on the SWE, SOC deposition patterns, marl production, and the distribution of mangrove are incompletely understood. In order to quantify the effects of SWE it is necessary to address the following objectives: (1) Document the characteristic facies properties and their distributions, (2) Determine the vertical and horizontal distribution of SOC, and (3) Calculate the extent and rate of SWE in each basin. These objectives will document heterogeneity among basins, provide insight on the major cause of changing SOC deposition, contribute to the prediction of the future SESE under conditions of accelerating SLR and address the capacity of coastal wetlands to respond to recent changes in the global climate cycle.



Materials and methods


Field data collection

A geological approach utilized vertical changes in sediment cores and horizontal changes along transects to document shifts in facies, changes in SOC distribution and distances and rates of SWE. Ten shore-normal sediment core transects were established across the sub-environments in the coastal basins (Figure 1). BBCB cores were located within 3.5 km of the coast and focused on mangrove expansion, whereas FBCB transects placed between 1.2 and 11.6 km from the coast addressed the extent of SWE. Sediment cores were collected utilizing 7.6 cm diameter aluminum tubes, transported upright, returned to the laboratory, frozen, and later sectioned frozen at 1 cm intervals, using a miter saw to ensure consistency to a depth of 30 cm. Freezing and using miter saw to cut peats into 1 cm sections is more accurate than trying to cut an organic rich sediment into 1 cm–3 using a razor. Much like cutting a wet sponge. The error is much less than the 9% maximum expansion by ice and is much less variable than hand cutting samples. Marl has little water and doesn’t expand, peat-marls don’t expand very much as marl dominates and peat expansion likely is mostly filling internal pores, and no freezing induced cracks or expansion lobes are observed. If peat expands to their fullest by freezing our peat numbers will be underestimates by the amount of expansion. We’d rather underestimate than overestimate, and our peat densities may be underestimates.

All cores with more than 5% compaction in the field were rejected by comparison between the core length recovered and the depth of the core. Each core interval was split and aliquots used for different analysis. Sediment samples for bulk density and SOC analyses were removed from the center of the 1 cm section to avoid sidewall contamination and minimize the effects of compaction. Samples for 210Pb analyses were collected adjacent to the sample processed for SOC. One-half the core sample was washed through a 1 mm sieve and mollusks were collected and identified for use as a proxy for salinity. Normal (t-test) or non-parametric tests (Dunn’s Test, the Kruskal–Wallis Test and Wilcoxon Rank-Sum Test) were utilized to test the relationship between parameters in data sets that met normality and homogeneity of variance criteria. Predictive analyses were conducted using multiple linear regression (Supplementary Table 1). All tests were conducted using the R programming language (version 3.6.3) which was utilized within the Rstudio IDE (Version 1.3.1093).



Plant communities, mollusks and facies

Plant community data including the descriptions of plant communities and percent mangrove cover were collected from 30 1-m2 plots arranged in a circle of 50 m radius surrounding the sediment core site (Ross et al., 2020). It was important to document differences within and among sediment types (facies) in order to confidently determine change, therefore considerable effort was made in facies characterization. Facies were based upon differences found among the 872 core samples in plant remains, bulk density, SOC, SARs and mollusks as salinity indicators. The biogenic SESE sediment body composition was either organic matter or organically produced calcite (marl), but only SOC was reported.


Plant remains

Plants remains varied among and were characteristic of facies and were the primary source of SOC. Plant remains were described by species, abundance, dimensions, orientation, and growth patterns.



Bulk density and sediment organic carbon content

The dry bulk density was determined by weighing a dry 2 cm3 volume of sediment and the SOM g cm3 (density) was determined by loss on ignition (Dean, 1974). SOM was converted to SOC using a standard conversion factor of 0.58 (Sikora and Stott, 1996). Bulk density and SOC were determined from a 2 cm3 sample, to better address sediment heterogeneity. The relationship between SOC and bulk density was tested.



Sediment accumulation rates

Sediment organic carbon content and bulk density were determined from 2 cm3 samples from select cores and samples sent to an independent laboratory (Dr. David Kadko, FIU) for 210Pb analysis. 210Pb analysis was only performed on seven marl core intervals because of limited funding, the prevalence of marl sediments and the paucity of marl accumulation rate data, while mangrove peat SARs were collected from previously published sources. In addition, eight previously analyzed cores, from several facies, were also utilized (Meeder et al., 2017). 210Pb analysis were not performed on every core, therefore, the average SAR for each sediment type was utilized. The Constant Rate of Supply Model was utilized because cores were long enough to reach baseline 210Pb levels (Appleby and Oldfield, 1992). The variation in marl SOC density and SAR along the coastal gradient was of paramount interest, as there is a paucity of information on such sediments. SAR (mm/yr) was utilized to calculate the period required to accumulate 1 cm of sediment (yr/cm), in order to date the fresh water-marine influenced contact in each core. Dating of different core horizons was necessary in order to calculate the SAR to determine the rate of SWE. The SAR was calculated by converting SOC density to SOC g m2/cm and dividing by the number of years required for that sediment type to accumulate 1 cm, producing a rate expressed as yrs/cm.



Salinity index

All mollusks > 1 mm in diameter were collected, identified and counted. Each mollusk species was assigned an SI value based upon known salinity tolerances (Table 2). A salinity index (SI) was calculated by application of a weighted average technique (Blinn, 1993) using Equation 1:

[image: image]

Where SIspi is the ith species SI, DENSspi is the density of the ith species and DENSsamp is the total number of mollusk individuals.

Salinity index values between 1.0 and 1.5 indicate freshwater influence, and those > 1.5 are marine influenced; selection of SI 1.5 as a transitional value was based on the distribution of the most common gastropod tolerating brackish water (Meeder et al., 2017). The contacts between non-marine and marine influenced sediments in each core in each transect were plotted in fence diagrams. This contact line delineates SWE. The relationship between SI and SOC density was plotted using a box and whiskers graph.




Sediment organic carbon distribution

Sediment organic carbon significantly increased during the last century in BBCBs (Meeder et al., 2021). However, in order to compare BBCBs and FBCBs the BBCB data set was combined with the FBCB data set and different analysis utilized in this report.


Sediment organic carbon vertical distribution

Sediment organic carbon density was calculated for each 1 cm core sample and continuous samples of similar density combined into core intervals. A correlation between vertical SOC density change and SI in each core was tested. The percent difference between SOC values of the lower freshwater interval and upper marine influenced interval was first calculated. Because of the different size intervals and variability within sediment intervals in each core, different statistical tests were employed; T-test were utilized where normality and variance criteria were met and non-parametric tests otherwise, in order to determine significance. In cores, recording more than one salinity change because of SWE reversal and second episode of SWE, the differences between the first salinity change, from fresh to marine, was addressed. The durations of second salinity episodes were often too short, a core interval of only a few cm, for analyses of differences. In cases of no salinity change, the upper facies was tested against the underlying facies, if different.

In addition, an analysis utilizing combined core data, rather than on individual cores was performed. The relationship between SOC and sediment depth was examined with depth treated as a numerical variable on an interval scale and with depth treated as a categorical variable with each datum categorized as either the 0–4 or 5–9 cm interval. In both cases, data from the BBCBs and FBCBs were treated separately using regression analysis.



Sediment organic carbon horizontal distribution

In order to determine the relationship between SOC and distance to the coast (DTC), the SOC for two-sediment depth intervals (0–4, 5–9 cm) were tested against their respective DTC for BBCBs and FBCBs using a regression analysis. In order to determine the relationship between SOC and mangrove cover, the SOC for two sediment intervals (0–4, 5–9 cm) were tested with percent mangrove cover, DTC and by location (BBCBs or FBCBs), also using regression analysis.




Saltwater encroachment

Two most important aspects determining calculation of SWE rate were SI and the accumulation rates of facies (Meeder et al., 2017). Fence diagrams were created for all transects illustrating the contact between freshwater and marine influenced sediments that describes SWE. This contact line also separates facies in BBCBs. The rate of SWE was calculated in four steps. The first was to determine the date of the contact between freshwater and marine influenced sediments in two cores along one transect. The second (Equation 2) was to calculate the difference between the dates from the distal (furthest from the coast) and proximal (closest to the coast) cores providing the time interval:
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Where B is the distal and A the proximal core and CD the contact date

The third step was to measure the distance in meters between the two cores :
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Where ADTC and BDTC are the proximal and distal core distance to coast respectively

The final step was the calculation of SWE (m/yr) by dividing the distance (m) by the time interval (TI) between two cores:

[image: image]

Where D = Distance (m) and TI (yr) are calculated in Equations 3 and 2 respectively.

Calculations assumed a constant datum among cores, which is a reasonable assumption in this landscape with a slope of < 8 cm/km. Two sources of uncertainty in the calculation of SWE are insufficient elevation data for core sites and calculation of dates from 210Pb analyses. Because of the unreliable elevation data at core sites and insufficient precision in the use of LiDAR, we utilized a horizontal datum base, in order to have a similar datum for all transects. We acknowledge that there is a calculated seaward slope of ∼1.2 km over FBCB distances of 15 km or 8 cm in 100,000 cm (1 km). When graphed there is very little difference between the horizontal and the slope line at the scale of our cross-sections and therefore we feel that using the horizontal datum is adequate. We also recognized that the greater the slope the less SWE and that our calculation of SWE are likely overestimated by ∼ 200 m in FBCBs. In addition, dates derived from 210Pb analyses cannot be considered precise because of small differences in isotope reactions and calculation artifacts. We suggest that dates are accurate within ± 3 years, a figure utilized in many studies.




Results


Plant communities, mollusks, and facies

Four dominant plant communities and associated facies were described based upon bulk density, SOC density, accumulation rates and depositional salinity (Table 3). Plant communities and their associated biogenic sediments were located in bands parallel to the coast and perpendicular to the salinity gradient. The most interior sawgrass community (Figure 2A) and associated peat- marl facies was only found in the subsurface east of the L31E levee and in the area northeast of the Card Sound Road and northwest of the L31E levee in BBCBs. In contrast, the sawgrass facies in FBCBs occupied the northern half of the basins and extended southward to the mangroves in Taylor Slough. The sawgrass peat-marl facies contained a marl matrix with horizontal rhizomes between 1 and 3 cm in diameter and short vertical rootlets and occasional basal culms but no other aboveground material. Extensive sawgrass areas were associated with freshwater sediments that contained moderate but varied SOC content and were brown to black in color (Figure 2B). Only freshwater gastropods were present such as Planorbella scalaris (Figure 2C and Table 2).

The spike rush-periphyton community (Figure 2D) and marl facies, dominated the landscape between the coastal mangroves and the sawgrass ecotone, although lost by mangrove overstep in the northern Biscayne Bay coastal basins and Taylor Slough. The low density, emergent vegetation in the spike rush community maximized the area for periphyton mat and marl production, resulting in a white, low SOC content marl with a massive texture (Figure 2E). The marls contained little plant material except for thin, < 6 mm, vertical carbonaceous films and all marl types contained gastropods, sponge spicules and diatoms, the latter two the only silicates in the system. The euryhaline algal browsing hydrobiid, Litttoridinops monoroensis, was the most abundant mollusk (Figure 2F) and the freshwater detritivore, Physa cubensis, was common (Figure 2G).

The scrub mangrove community (Figure 2H) produced variable peat-marl facies that exhibited similar SOC valves as the sawgrass peat-marl and was gray to tan in color. The density of cable roots and rootlet matrix varied within and between cores (Figure 2I). Large horizontal reddish mangrove rhizomes, up to 1.7 cm in diameter, were abundant and a fine network, < 2 mm in diameter, of rootlets infiltrated the marl matrix. The volume of both rhizomes and rootlets usually increased upwards in core intervals. Cyrenoida floridana, the filter feeding marsh clam (Figure 2J), was the diagnostic mollusk and Litttoridinops monoroensis was the dominant gastropod.

The coastal fringing mangroves in BBCBs (Figure 2K) produced a reddish fibrous peat facies, with abundant horizontal cable roots and a matrix of rootlets (Figure 2L). Red mangrove peat was also found along tidal creeks and embayments in both BB and FBCBs. Numerous mollusks were observed on the mangrove peat surface, although only rare, highly etched arboreal gastropods were found in the peat. The red mangrove fringe was replaced by the “Buttonwood Ridge,” a coastal wash-over levee (Cottrell, 1989), covered with buttonwood and salt marsh grasses along the Florida Bay coast. A marine mud facies was reported at coastal TKY.


Bulk density and sediment organic carbon content

Each facies exhibited different average bulk densities in decreasing order: sawgrass peat-marl (0.8807), marine mud (0.8259), mangrove peat-marl (0.6602), white marl (0.5823), tan marl (0.5588), black marl (0.4098), mangrove peat (0.2329 g cm3) (Figure 3A and Table 3). A Kruskal–Wallis test (p-value of 1.512603513e-19) demonstrated that bulk density was not consistent across the various facies. A Dunn’s Test demonstrated that there was a difference in stochastic dominance of bulk density levels between pairs (Supplementary Table 2A). The average SOC density varied among the facies (Figure 3B) and since the different facies accumulated at different rates (Table 3) the rate of SOC g/m2/yr exhibited more variability than OC density (Figure 3C). The average SOC density for the different facies in descending order were mangrove peat (0.0722), sawgrass peat-marl (0.0605), black marl (0.0590), mangrove peat-marl (0.0522), tan marl (0.0330), marine mud (0.0250) and white marl (0.0222 g cm3) (Figure 3B). A Kruskal–Wallis test (p-value of 5.504501e-87) documented the distribution of SOC density was not consistent across the various facies. A Dunn’s Test demonstrated that there was a difference in stochastic dominance of SOC density levels (Supplementary Table 2B).



Sediment accumulation rates

Sediment accumulation rates for the seven cores analyzed in this study and the eight previously analyzed and the average SAR for each sediment type were presented (Table 4). Each facies exhibited characteristic accumulation rates. The sawgrass peat-marl average accumulation rate was 2.2, tan marl was 1.37 and white marl was 0.79 mm/yr. The average accumulation rate for the two-mangrove peat-marl samples was 3.2 mm/yr. The average SOC accumulation rate (g/m2/yr) for the different facies in descending order were: Mangrove peat (219.058), sawgrass peat-marl (134.336), mangrove peat-marl (129.251), black marl (79.173), tan marl (44.123), marine mud (26.677) and white marl (23.784 g/m2/yr) (Figure 3C). A Kruskal–Wallis test (p-value of 8.7956109e-133) demonstrated that the distribution of SOC accumulation rates were not consistent across the various facies. A Dunn’s Test demonstrated a difference in stochastic dominance of SOC accumulation rate levels between pairs (Supplementary Table 2C). Two differences between SOC density and SOC accumulation rate were black marl accumulation rate differs from mangrove peat but does not differ with SOC density and mangrove peat SOC density differs from mangrove peat-marl but not with SOC accumulation rate. As these differences are minor only density was reported except for cases where rates were required for additional calculations.



Salinity index

Two distinct groups were identified based upon mollusk-determined SI. The first, with SI > 1.5 included the mangrove peat, mangrove peat-marl and marine mud facies and the second including the white, tan and black marls and the sawgrass peat-marl facies with SI values < 1.5 (Table 3 and Figure 3D). However, some white and tan marl sites experienced recent SWE and therefore report SI values > 1.5. Average SI values have little significance other than denoting whether a sample was deposited in fresh or marine influenced water but it is interesting to see the trend for the different facies: sawgrass peat-marl (1.38), black marl (1.27), white marl (1.38), tan marl (1.34), mangrove peat-marl (2.01), mangrove peat (2.46), and marine mud (2.34), although mollusks were rare. The contacts between non-marine and marine influenced facies in each transect were plotted in fence diagrams (Figure 4). This contact line delineates SWE and also separates facies boundaries in BBCBs (Figure 4A) but not in interior FBCBs, where cores do not exhibit facies change. HC, MC and TKY no longer have accommodation space and TRI and TA5 exhibit continuing SWE (Figure 4B). Transects TA4, TA3, and TA2) exhibit SWE reversals and TA2 exhibits a second episode of SWE to its earlier position, all in the last 20 years (Figure 4B).




Sediment organic carbon distribution


Sediment organic carbon vertical distribution

Sediment organic carbon density changed vertically in (21 of the 34 cores), all exhibiting salinity change (Table 5). SOC vertical distribution patterns were divided into three groups: those exhibiting no change in SOC, BBCBs exhibiting increasing SOC and FBCBs exhibiting little change. Of those exhibiting no change, four were BBCB cores composed entirely of marine influenced sediments (HC850, HC600, TDE, and TFE) and nine FBCB cores recorded no SWE, including all cores from TA6 and M5 transects (EVER1, TA4-1, TA4-2, TA5-2, TA6-5, TA6-4, M5-S, M5-I, and M5-N). Eight of the twelve BBCB cores experienced an increase in SOC between 19.55 and 399.6 % for an average increase of 227.7 % and increases in five cores were significant (Table 5). Thirteen of the 22 FBCB cores exhibited vertical changes in sediment salinity, seven exhibited decreases, five increases and one exhibited no change in SOC. The average change was 19.8 % and only one core exhibited an increase and one a decrease in SOC that were significant. The trend of SOC increasing with SWE is much stronger in BBCBs than in interior FBCBs. SOC density was significantly different across location (adjusted R-squared was 0.156 and p-value 2.372e-12) (Figure 5A) but not between the 0–4, 5–9 or combined sediment depth increments (Figure 5B). The mean SOC for the 0–4 cm sediment interval was 0.0476 and 0.0301 and for the 5–9 cm interval 0.0538 and 0.0310 for BBCB and FBCBs respectively (Figure 5B).


TABLE 5    Vertical changes in SOC.
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Sediment organic carbon horizontal distribution

Increasing SOC density exhibits correlation with increasing DTC in both the 0–4 and 5–9 cm intervals in Florida Bay and exhibit little difference from one another (Figure 6A and Supplementary Table 3). In strong contrast, Biscayne Bay SOC decreased sharply with increased DTC in both the 0–4 and 5–9 cm intervals but the 5–9 cm interval intercept was greater than the 0–4 cm interval. Percent mangrove cover was determined for each core site (Supplementary Table 4). Decreasing percent mangrove cover weakly correlated with increasing DTC for the combined location data (Figure 6B). When data was separated by sediment interval and location, decreasing SOC density correlated with increasing percent mangrove cover in Florida Bay, with little difference in sediment interval (Figure 6C). Increasing SOC density correlated with increasing mangrove cover in both Biscayne Bay sediment intervals. However, the intercept and slope differed significantly between sediment intervals. The 5–9 cm interval had the higher intercept but a lower slope than the 0–4 cm interval.




Salt water encroachment

Salt water encroachment began between 1895 and 1938 in the coastal basins (Supplementary Table 5). SWE data from the Historic Creek transect and Turkey Point were previously calculated (Meeder et al., 2017; Meeder and Parkinson, 2018). The three northern Biscayne Bay transects exhibit the greatest coastal slope while recording an average SWE rate 26.2 m/yr, which generally increased over time until 1995 with loss of accommodation space because of the L31E levee. Fence diagrams illustrate SWE for each transect (Figure 4). M5 and TA6 were located between Shark River and Taylor Slough and did not experience SWE. TS, as of 1995, experienced the lowest rate of SWE (Meeder et al., 2017). SWE along the TRI transect reached inland 4,800 and 7,100 m along TA5 transect by 2015 and has continued along both transects. SWE also reached inland 7,100 m along TA4 prior to a reversal of 900 m back to 6,200 m starting in 2001. Likewise, SWE occurred very rapidly along TA3 transect reaching inland 6,700 m before a reversal back to 4,500 m beginning 1987, a retreat of 2,200 m. Transect TA2 had the most complex salinity record for the previous two decades as SWE reached 6,000 m, reversed to 2,000 and was followed by another episode of SWE that advanced to >7,000 m by 2015. SWE reached inland by 2015 an average of 6,340 m with increasing SWE distance inland from west to east (Figure 4). The three basins (TA2, TA3, and TA4) exhibited average reversals of 2,367 m, increasing to the east. No changes in FBCB facies were observed at > 2 km from the coast in FBCBs. The leading edge of SWE in FBCBs has moved inland ∼ 1.79 km in the last 2 decades.

Salt water encroachment began between 1895 and 1938 in FBCBs and the average extent of SWE by 1940 was 2,825 m, in 1968 was 3,550 m, in 1995 was 4,550 (Meeder et al., 1996, 2017) and in 2015 was 6,340 m. The extent of SWE after reversals in 2015 was 4,233 m very close to the average extent in 1995. The average rate of SWE in the different coastal basins change by time interval. The average of all coastal basins including those that did not experience SWE between 1895 and 1940 was 24.6 m/yr (Figure 7 and Table 6). The average rate of SWE for the period 1940–1968 was 43.0 m/yr and 51.5 m/yr for the period 1968–1995. The highest average rate was 78.7 m/yr for the period 1995–2015 if reversals are not included. The period 1995–2015 was subject to the highest rates of SWE and reversals of SWE and TA2 exhibited the most and fastest changes of all coastal basins.


TABLE 6    Rates of SWE for different coastal basins during different time intervals.
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Discussion


Plant communities, mollusks, and facies

In the SESE biogenic environment, preserved plant tissues, especially root remains, are diagnostic in recognition of the living plant community, and most importantly, the sediment type whether associated with the surface plant community or in the subsurface. The four facies of the SESE range from marl to peat and from very little organics to entirely organic, respectively.

Mollusks are as diagnostic as plant remains in the recognition of plant communities and their respective sediments. Paleontological data from fossil assemblages accumulating contemporaneously with living populations provide significant insights into changes in communities and ecosystems on the decadal scale (Kidwell, 2015). The mollusks found in cores are the same species presently found living on the surface with the exception of the introduced exotic gastropod, Melanoides tuberculata, therefore, there is strong fidelity in our use of mollusk assemblages (Valentine et al., 2006). M. tuberculata is found only at the surface and in the top few cm of a few coastal cores.

Mollusks indicate salinity information unique to each plant community, thus they are very useful for paleo-salinity analysis in core sequences. Mollusks are successfully utilized as a proxy for salinity in numerous studies in order to document changes in coastal waters (Brewster-Wingard et al., 2001; Wingard et al., 2003) and estuaries (Ishman et al., 1998; Wingard and Hudley, 2012; Martinez et al., 2013). Mollusk larvae are transported efficiently by tidal water further into the interior than mangrove propagules because propagules require a minimum of 4–8 cm water depth to float (Odum et al., 1982). Thus, mollusks are very good paleo-ecological “early warning” tools for coastal managers of the SWE because they are numerous, easy to identify, provide rapid results and are a very good surrogate for salinity. This is the first utilization of mollusks to determine the rates of SWE along a transect and along 10 transects to determine the heterogeneity of SWE in an entire wetland landscape providing important data for conservation and management decisions.

Bulk density varied among facies which is related to organic content, the higher the organic content the lower the bulk density. The lack of down core changes in bulk density suggests that compaction is not a problem in core interpretation. In addition, as SOC increases the SAR increases. Marls with the lowest SOC density demonstrate the lowest accumulation rates (0.8 mm/yr) and mangrove peats the highest (3.3 mm/yr) (Callaway et al., 1997; Smoak et al., 2013; Breithaupt et al., 2014). The SESE mangrove SAR is higher than the global average of 2.7 mm/yr (Alongi, 2012) but all SARs lag behind the 3.6 mm/yr global rate of SLR (Oppenheimer et al., 2019) and further behind the regional rate of 9.1 mm/yr (Wdowinski et al., 2016). This deficit establishes that submergence of the biogenic SESE will occur in the near future (Parkinson and Wdowinski, 2022).



Saltwater encroachment

Salt water encroachment reflects a balance between freshwater delivery and tidal water ingress driven by SLR. The high tide associated with the accelerating rate of SLR is the primary driver of SWE in the SESE, although changing water delivery is also a contributor (Meeder et al., 2017). Everglades drainage began in 1888 and continued to the 1960s (McVoy et al., 2011) but there’s no evidence of SWE in either BBCBs or FBCBs based upon the lack of inland mangrove expansion in 1938 aerial photographs. Mangrove expansion began with increased rate of SLR between 1900 and 1938 (Meeder and Parkinson, 2018). Managed freshwater delivery increases to Everglades National Park since ∼ 2000 (Musalem, 2016; Battelle Memorial Institute, 2020) and different tidal efficiencies explains the present heterogeneity in SWE among basins.

Recent mollusk assemblages indicate areas of increased saltwater delivery in coastal wetlands, along with the extent of delivery and delivery pathways, providing a record of biological indicators that may capture actual patterns of long-term salinity changes better than salinity measurements alone. For example, the level of maturity in fossil mollusk species indicates the stability of the salinity environment. Mature mollusks suggest a stable salinity environment in contrast to sediment intervals containing only juveniles which may have perished from freshwater intrusion and lack of suspended food for the filter feeding bivalve. Furthermore, the continuing presence of juveniles and lack of adults in a vertical sediment sequence indicate rapid repeated SWE episodes.

The rates of SWE along the ten transects were calculated utilizing molluscan derived SI, with two transects experiencing no SWE and the three Biscayne Bay coastal basins experiencing no further SWE because of the lack of accommodation space. The average rate of SWE for the remaining transects was ∼120 m/yr, greater than the 72 m/yr average rate between 1895 and 1995 (Meeder et al., 2017). SWE moved inland up to 6 km by 1995 and in the last 20 yrs moved inland an average of ∼ 1.79 km (Figure 7). This increase in the rate of SWE is in response to accelerating rate of SLR. No other estimates of the rate of SWE, driven by the accelerating rate of SLR during the last century, are known from other locations.

The rate of SWE increases in FBCBs from west to east, with the highest rates recorded at TA2, near the terminus of the C111 Canal. The SWE reversals are associated with recent experimental freshwater deliveries to Taylor Slough from the C111 Canal by Everglades and South Florida Water Management District hydrologists in attempts to stop or reverse SWE (Musalem, 2016). These water deliveries also increase to the east, with the exception of TA5 which recorded continuous SWE. The continuous SWE at TA5 documents that water delivered to coastal basins further to the east did not directly originate from Taylor Slough, which is the primary target of increased freshwater delivery, but the C111 canal which moves water eastward. A second episode of SWE in TA extended further inland than the first, demonstrating the rapidity of SWE at present sea-level and suggests that these coastal communities do have some resilience to short-term salinity changes. Maintenance of these reversals and further SWE reversal to 1895 levels is unlikely because of the lack of available water for delivery under conditions of accelerating rate of SLR, conditions that limit management options (Sweet et al., 2017). With increasing rate of SLR the rate of SWE is likely to increase.

Salt water encroachment creates salinity stress that: decreases sawgrass productivity (Servais et al., 2019), increases nutrients in this oligotrophic environment changing cyanobacteria composition to non-calcite producers (Browder et al., 1994), may decrease root productivity as plants shift energy utilization to above ground production, and forces a shift in the mollusk community from freshwater to marine. Numerous cations in marine waters alter the freshwater ecosystem: sulfur increases decomposition rate decreasing SOC storage (Sutter et al., 2014; Poulin et al., 2017; Chambers et al., 2019) and Mg and Sr poison calcite crystal growth (Bathurst, 1975). Presently, the threshold for detrimental cation and nutrient loading may not be reached, as most interior wetland salinities are < 2 ppt, however, effects are likely to be catastrophic with increased salinities.

Perhaps the most important process is mangrove infringement which also increases SOC. Mangrove infringement results in decreasing the area of marl production (the spike rush-cyanobacteria community) referred to as “the White Zone’ which is slowing moving landward while shrinking in area (Ross et al., 2002). Since 1938 mangrove expansion has occurred at the expense of the marl-producing environment (Meeder et al., 1996, 2017, 2021; Ross et al., 2000, 2002; Rivera-Monroy et al., 2011; Meeder and Parkinson, 2018). The extinction of the marl producing environment is observed in the northern two BBCB transects by mangrove infringement.



Sediment organic carbon

Spatial and temporal changes in SOC are related to SLR. During the Anthropocene Marine Transgression, SWE transported mangrove propagules landward and over time created a wedge-shaped marine influenced sediment body, decreasing in thickness landward, overlying freshwater sediment (Meeder and Parkinson, 2018). Most vertical and horizontal SOC change is a function of marine mangrove peat with their very high SOC density (0.072 g/cm3) and a SAR of 219.1 g/m2/yr replacing freshwater marl (0.033 g/cm3 and 44.1 g/m2/yr, respectively) in response to SWE, as reported at other sites (Krauss et al., 2011; Raabe et al., 2012; Saintilan et al., 2013; Armitage et al., 2015). South Florida mangrove values are higher than all known terrestrial ecosystems and ∼11 % greater than the mangrove global average (Chmura et al., 2003; Wang et al., 2020). This sequence of mangrove overlying other sediment types is also reported at other South Florida sites (Smoak et al., 2013; Breithaupt et al., 2020; Dontis et al., 2020; Vaughn et al., 2020; Steinmuller et al., 2021). Spatial changes track temporal changes as the area under SWE increases with SLR. Globally, since the beginning of the Anthropocene Marine Transgression, landward migrating mangroves are reported in most low-lying coastlines within their expanding range (Saintilan et al., 2013; Doughty et al., 2016). Mangrove expansion in response to SLR is replacing salt marshes (Gonneea et al., 2019; Watanabe et al., 2019; Dontis et al., 2020), coastal freshwater wetlands (Thom, 1967; Meeder et al., 2017) and colonizing recently created intertidal mudflats (Thom, 1967; Wells and Coleman, 1981; Swales et al., 2012; Chow, 2018).

Mangrove contribute to SOC within two decades as observed in changes from marl to mangrove peat marl in numerous cores (Figure 4B). However, the conversion of mangrove peat-marl to peat requires a much longer time as demonstrate by the thick mangrove peat-marl sequences. This trend of increasing SOC with time is also reported from South China (Chen et al., 2018). This fundamental process is an important one, because increasing SOC increases the SAR which decreases the deficit with SLR. Thus, SOC increases the longer a substrate is exposed to SWE, mangrove recruitment, increased growth and cover. This is supported by the decrease in mangrove cover with increased distance to the coast (Figure 6B) and that SOC increases with increasing mangrove cover (Figure 6C). These two relationships are well illustrated along the HC transect where the SOC density decreases from 0.077 in the mangrove peat facies to 0.030 g/cm3 in the interior mangrove peat-marl facies overlying the basal marl facies with 0.023 g/cm3 (Table 5). The depth interval of young mangrove root development is unclear in the literature. Therefore, depth intervals were compared and the 5–9 cm depth interval in Biscayne Bay cores exhibits a weak trend of higher SOC values than the 0–4 cm interval, likely because of longer period of mangrove deposition and the presence of cable roots in the lower interval. Mangrove SOC contribution in the 5–9 cm interval is lower than in the 0–4 cm sediment interval, when mangrove cover exceeded 60 % (Figure 5B). Cyanobacteria and marl production decrease with increased mangrove cover because of light competition, comprising a major step in peat formation and increasing SOC deposition.

Biscayne Bay coastal basins exhibit statistical increases in temporal and spatial SOC distribution but have expended horizontal accommodation space (Meeder et al., 2021). A general trend of decreasing SOC with increased distance from the coast in BBCBs is documented because of decreasing mangrove cover and SOC contribution (Figure 6A). In contrast, there is no correlation nor consistency between vertical SOC density and change in salinity in the combined FBCB core data set although individual cores exhibit vertical change (Table 5). However, FBCB transects exhibit a small but weakly significant increase in SOC with increased DTC (Figure 6A). This trend exists because interior wetlands have not experienced salinity stress, whereas salinity stress decreases freshwater plant (Wilson et al., 2018; Servais et al., 2019) and periphyton productivity (Mazzei et al., 2018) with increased time since SWE. Furthermore, there are several other reasons SWE produced changes in SOC deposition differ among BBCBs and FBCBs: (1) BBCB transects are within the area of mangrove infringement, whereas FBCBs transects were found further inland overlapping the freshwater-marine influenced sediment contact. (2) Tidal efficiency is greater in BBCBs because the offshore banks and coastal bays decrease tidal exchange in FBCBs resulting in decreased mangrove recruitment and therefore mangrove derived SOC. (3) Propagules are transported by storm or high tides which vary in location and extent, explaining the patchy mangrove distribution. (4) Mollusk larvae are transported further inland with SWE than mangrove propagules because propagules float vertically and contact substrate at depths between 4 and 8 cm (Odum et al., 1982), therefore the area of SWE is greater than the area of mangrove infringement. (5) Mangroves have not been present long enough to contribute to SOC in FBCB interiors.

The SESE is a very dynamic environment because the accelerating rate of SLR driving SWE is increasing the distribution of mangroves while decreasing the area of marl production, changing patterns of SOC deposition and increasing salinity stress in interior basin areas. These changes have occurred within the last century documenting the rapidity of SWE. Rapid SWE, reversal and second episode of SWE in ∼ 20 years demonstrates the sensitivity in wetland response to both SLR and changes in freshwater delivery. Future SOC deposition depends upon mangrove productivity and rate of establishment in this oligotrophic environment with increasing hydroperiod and water depth.




Summary

The paleo-ecological application of molluscan salinity tolerances to determine freshwater from marine influenced sediments in cores and along transects provided a stronger basis for tracking SWE than inland mangrove extent in this study. Stratigraphy recorded physical changes through time and space, calibrated by 210Pb radiometric dating. The rates of SWE varied among coastal basins and the average rate of SWE increased over time with the increasing rate of SLR. SOC increased along the coastal areas in BBCBs but exhibited little change in FBCB interiors. Mangrove infringement is responsible for increases in SOC and the decrease in marl forming environment, but according to mollusk data and constraints on mangrove seed transport (Odum et al., 1982), SWE can extend further inland than mangroves, thus SOC does not necessarily track SWE into the interior.

All facies SARs are deficit to the rate of SLR presently causing inundation ponding, beginning of submergence and marine sediment deposition. The 9.1 mm/yr regional rate of SLR is nearly twice the 5 mm/yr rate predicted to result in the loss of mangrove resilience (Sweet et al., 2017) and three times the highest observed SAR. The marine mud facies is encroaching upon coastal mangrove facies by deposition of suspended sediments during high tides at TKY, as observed in other south Florida locations (Risi et al., 1995; Castañeda-Moya et al., 2010; Smoak et al., 2013), and is likely to expand with continued coastal submergence. Interior areas will continue to receive propagules but further mangrove development is problematic because of the increasing hydroperiod and water depth. At the present rate of SWE the freshwater wetlands of the SESE will be lost within the next 70 years and replaced by submerging mangrove and intertidal followed by subtidal mudflats.



Management considerations

The paleo-ecological utilization of mollusks to determine historic salinities in cores and SWE along transects is a reproducible, fast, easy and an economic method for coastal land manager application. Mollusk assemblages documented SWE reversals, back to 1995 levels, from marine to freshwater, were very rapid and produced by experimental water releases after 2000 (Musalem, 2016). Such a reversal documents that increases in delivery can stop and reverse SWE. However, increasing freshwater delivery may not resolve the long-term problem of SWE for several reasons: (1) It is doubtful that the levels of water delivery during these experiments could be applied throughout the study area because of the limited water supply and delivery problems. (2) As sea-level rises, the drainage potential of delivered water decreases and delivered water stacks up along the coast, increasing hydroperiod and water depth in the interior, and stressing communities prior to SWE and submergence, (3) Increasing water depth extends hydroperiod that adversely affects sawgrass, eliminates marl production (Browder et al., 1994) and increases tidal efficiency. The significance of bottom friction and resistance to flow from emergent vegetation decreases with increasing water depth. (4) Increased freshwater delivery is unlikely to provide long-term solution because of the deficit between SLR and SAR rates (Parkinson and Wdowinski, 2022). (5) Every year freshwater levels have to be elevated 9.4 mm just to maintain elevation with SLR and diminish SWE but the entire SESE will still be exposed to increasing tidal influx which appears counter the CERC directive to “eliminating discharge of damaging flood waters” in the C111 Basin (Perry, 2004). (6) SWE will soon reach the more organic rich sawgrass communities initiating collapse (DeLaune et al., 1994) as observed in marshes west of the SESE (Chambers et al., 2015). Finally, (7) The second episode of SWE at TA2 documents the incredible rapid rate at which SWE occurs at this stage of SLR suggesting that the other FBCBs are likely to experience increased SWE very soon.

Predictably, SWE should reach the toe of the ACR between 2062 and 2070 based upon the 125 m/yr rate of SWE and if the rate of SLR increases as predicted, with no increases in freshwater delivery, SWE will reach the ACR sooner, terminating sawgrass and marl production and decreasing SOC deposition. The conversion from freshwater-saline wetlands to intertidal and subtidal mudflat is inevitable under present conditions of SLR. Submergence exposes the entire Late Holocene sediment package to erosion and export into adjacent marine ecosystems, as well as, the coral reef. This could be a major ecosystem stressor if not mitigated. Perhaps society needs to shift away from the paradigm of protecting what is going to be lost regardless of intervention and expense, in select cases, to directing the trajectory toward novel systems that provide important ecosystem services, before even such actions are too late.

Future work should include continuing hydrographic monitoring of surface water elevation and calculation of deliveries, establishment of permanent SWE monitoring stations with vegetation, sediment, nutrient, SOC water depth and salinity parameters monitored routinely. Experiments should be conducted to determine how increased water depth, hydroperiod, nutrients and salinity affect mangrove, spike rush and sawgrass communities. Understanding how increasing water depth and extended hydroperiod affects successful mangrove propagule settlement, growth and SOC contribution is necessary in order to determine if mangroves can increase cover and maintain ecosystem services until submergence.
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Humans have utilized the Mesoamerican Reef (MAR) for millennia but the effects of prehistorical and historical fishing on this ecosystem remain understudied. To assess the long-term coupling of reef ecosystem and human dynamics in this region, we tracked trends in the structure and functioning of lagoonal reefs within the Belizean portion of the MAR using fish teeth fossils and sediment accumulation rates within reef sediment cores. We then paired this with a timeline of demographic and cultural changes in this region’s human populations. The ∼1,300-year timeline encompassed in the core record shows that declines in the relative abundance and accumulation rate of teeth from parrotfish, a key reef herbivore, occurred at all three reef sites and began between ∼1500 and 1800 AD depending on site and metric of abundance. A causality analysis showed that parrotfish relative abundance had a positive causal effect on reef accretion rates, a proxy of coral growth, reconfirming the important role of these fish in reef ecosystem functioning. The timing of initial declines in parrotfish teeth occurred during a time of relatively low human population density in Belize. However, declines were synchronous with cultural and demographic upheaval resulting from European colonization of the New World. The more recent declines at these sites (∼1800 AD) occurred in tandem with increased subsistence fishing on reefs by multiple immigrant groups, a pattern that was likely necessitated by the establishment of an import economy controlled by a small group of land-owning European elites. These long-term trends from the paleoecological record reveal that current parrotfish abundances in central Belize are well below their pre-European contact peaks and that increased fishing pressure on parrotfish post-contact has likely caused a decline in reef accretion rates. The origins of reef degradation in the Belizean portion of the MAR began hundreds of years before the onset of modern declines resulting from the combined effects of local human disturbances and climate change.
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Mesoamerican Reef, fishing, historical ecology, conservation paleobiology, social-ecological system (SES), shifting baselines, European colonization


Introduction

The threats facing coral reefs are varied and include: climate change, land-based pollution, overfishing, invasive species, and resulting impacts such as coral disease and bleaching (Bellwood et al., 2004; Jackson et al., 2014; Gress et al., 2019). The Mesoamerican Reef (MAR) is the world’s second largest coral reef tract, stretching over 1,000 miles across the coastlines of Mexico, Belize, Guatemala, and Honduras (Gress et al., 2019). Belizean reefs constitute a major portion of the MAR, an important tourist destination and source of food and livelihood for adjacent coastal communities (McField et al., 2020). Although Belize contains an extensive network of coral reef marine protected areas and has banned the commercial take of herbivorous parrotfish since 2009, coral cover within lagoonal areas of the Belizean MAR is low and macroalgal cover remains high (McField et al., 2020). These reefs are also heavily influenced by sediment-laden freshwater runoff during the rainy season and are characterized by low water clarity year-round (Burke and Sugg, 2006; Soto et al., 2009; Jackson et al., 2014, personal obs.). The low coral cover of these reefs today has been primarily attributed to coral bleaching from anthropogenic climate change, but the long-term impacts of fishing and land-based pollution have been relatively unassessed due to a lack of historical data on reef fish abundance and reef water quality.

Since the onset of systematic monitoring in the 1970s, researchers have documented the same series of disturbances on Belizean reefs that have occurred throughout the Caribbean (Jackson et al., 2014; Gress et al., 2019). First, the long-term overfishing of reef herbivores, including parrotfish, allowed for the replacement of some reef-building corals with macroalgae (Jackson et al., 2001; Hughes et al., 2007), a trend that was exacerbated by the mass dieoff of the keystone herbivore urchin Diadema antillarum from an unknown pathogen in the 1980s (Lessios, 1988; Hughes, 1994; Jackson et al., 2014). Coral abundance was further reduced by outbreaks of White Band Disease (WBD) that became widespread in the 1980s and resulted in mass mortality of the architecturally important reef-building corals Acropora cervicornis and Acropora palmata (Aronson and Precht, 1997; Rodriguez-Martinez et al., 2014). Paleoecological and historical data show that Acropora dominated Belize’s central lagoonal reefs for at least the last 3,000 years, implicating human disturbance as the driver of recent changes (Aronson and Precht, 1997; Aronson et al., 1998, 2002a). Coral bleaching and disease outbreaks linked to anthropogenic climate change and land-based pollution have become widespread since the 1990s and 2000s, further decreasing coral cover (Aronson et al., 2002b).

Reef herbivores, including fish and urchins, play a key role in reef ecosystem health, resilience after disturbance, and maintenance of high coral cover (Hughes, 1994; Aronson and Precht, 2000; Mumby, 2006; Hughes et al., 2007; Adam et al., 2011, 2015; Steneck et al., 2014; Bozec et al., 2016). By consuming algal competitors, parrotfish (family Labridae) promote coral recruitment and reef resilience, complexity, and accretion (Hawkins and Roberts, 2004; Mumby, 2006; Adam et al., 2011, 2015; Steneck et al., 2014; Wild et al., 2014; Cramer et al., 2017). As large predatory reef fish became depleted from overfishing, parrotfish have become the next target and thus are routinely overfished (McManus et al., 2000; Comeros-Raynal et al., 2012; Edwards et al., 2014; Adam et al., 2015; Bozec et al., 2016). As a result, heavily fished reefs are dominated by small fish including parrotfish, damselfish, and juveniles of other species incapable of limiting macroalgal dominance (Hawkins and Roberts, 2004; Hughes et al., 2007; Edwards et al., 2014; Adam et al., 2015). Following the dieoff of the Diadema antillarum urchin in the early 1980s, parrotfish herbivory became more important for the maintenance of coral dominance on Caribbean reefs (Hay, 1984; Hay and Taylor, 1985; Carpenter, 1986; Sandin and McNamara, 2012; Adam et al., 2015).

Although these dramatic changes have been well-documented on Belizean reefs since the 1970s, humans have been interacting with and altering Caribbean reefs for millennia. Evidence from paleoecological and zooarcheological records offer insight into reef history before scientific monitoring and have provided evidence of prehistoric and historic overfishing. The analysis of fish bones from middens across several Caribbean islands suggests prehistoric human exploitation, beginning almost 2,000 years ago and continuing until European contact, decreased the size of reef fishes (Wing and Wing, 2001). Prehistoric and historic human fishing before 1800 heavily reduced Caribbean populations of large vertebrates, including turtles, manatee, and the now extinct Caribbean monk seal (Jackson, 1997). In Caribbean Panama, archaeological investigations showed prehistoric switching from conch and clams to less favorable molluscs and decreases in the trophic level of reef fishes consumed, suggesting overexploitation of preferred resources (Wake et al., 2013). Significant declines have also been shown in size at maturity of conch in the Caribbean, suggesting that the effects of prehistoric, subsistence harvesting began at least 1,500 years ago and intensified over the last 700 years; modern sizes continue to be smaller than pre-human exploitation conch (O’Dea et al., 2014). Changes in fossil coral and molluscan assemblages in this same region suggest that reef environmental degradation began by the 19th century, likely due to land-based runoff from agriculture (Cramer et al., 2012).

Reef sediment cores contain an abundance of continuously accumulating fossil material from diverse taxa, making them ideal for reconstructing quantitative, high-resolution trends in long-term reef ecosystem change (Lybolt et al., 2011; Roff et al., 2013; Clark et al., 2017; Cramer et al., 2017). The analysis of reef sediment cores collected from Caribbean Panama uncovered several long-term trends that illuminate some of the mechanisms of recent reef declines: (1) unprecedented dieoffs of Acropora corals occurred in tandem with the onset of industrialized agriculture, (2) parrotfish have a positive effect on reef accretion rates, (3) a tthe lack of recovery of the Diadema urchin may be linked with overfishing of predatory reef fishes, and (4)changes in reef sponge communities may be linked with the loss of sea turtles from historical overfishing (Aronson and Precht, 1997; Aronson et al., 2002a; Cramer et al., 2012, 2017, 2018; Łukowiak et al., 2018). Importantly, reef fish teeth fossils are readily preserved in reef matrix cores, making it possible to track past reef fish abundances and infer the impacts of historical fishing on reef ecosystems (Cramer et al., 2017).

Long-term trends in parrotfish on Belizean reefs and the link between parrotfish overexploitation and reef ecosystem change are unknown due to a lack of historical data on reef fish abundance and human use of reef resources. To assess the long-term influence of fishing on the structure and functioning of Belizean reefs, we tracked changes in reef fish abundance, reef growth rates, and human demographic and cultural dynamics from the prehistoric period to the present in southern Belize. We focused on Belize due to the availability of archeological and historical data on human dynamics and the significant economic, ecological, and cultural importance of the MAR.

We obtained a millennial-scale record of reef change from the analysis of fossil fish teeth and sediment accumulation rates within reef sediment cores collected from three reef sites within the southern lagoon of the Belizean MAR. This time series encompasses the period prior to and since intensive reliance on coral reefs for food and livelihoods in this region (Adams, 1985), allowing us to assess whether demographic and cultural shifts have contributed to reef ecosystem change. We focused specifically on parrotfish due to their role as keystone herbivores on reefs (Jackson et al., 2014), the robust, abundant, and identifiable nature of their (oral) teeth (Cramer et al., 2017), and the positive effect on reef ecosystem health (via reef accretion rates) they were found to have in another part of the Caribbean (Cramer et al., 2017). To pinpoint the precise timing of reef changes, we developed a high-precision chronology via uranium-thorium (U–Th) dating of coral skeletal fragments along the length of each of our cores. We combined records of ecological change from the reef sediment cores with historical and archeological information to assess the long-term coupling of human and reef ecosystem dynamics. We reconstructed human population trends when available, as this metric has been shown to be correlated with fishing pressure elsewhere in the Caribbean (Hardt, 2009). Our work provides a historical baseline for reef fish populations in this region as our quantitative data begins more than a millennia before underwater scientific monitoring efforts. This analysis suggests that European colonization resulted in cultural changes in this region which contributed to decreases in the abundance of parrotfish on neighboring reefs. Declines in this key herbivore group may have weakened Belize’s coral reef ecosystems and contributed to the degradation currently observed two centuries later.



History of human dynamics and use of reef resources

Human use of reef resources in Belize has likely been occurring for at least four millennia, the minimum estimate for the period of continuous human habitation (Jones, 1994; Lohse et al., 2006). Belize has been part of the heartland of the Maya empire throughout its four major periods: (a) the Preclassic (2000 BC–25 AD), (b) the Classic (25–900 AD) characterized by the height of population density and social complexity, (c) the Postclassic (900–1550 AD) characterized by overexploitation of terrestrial resources, societal disruption, and population declines, and (d) post-Spanish arrival from 1528 to present characterized by accelerated societal disruption, population collapse, and increased exploitation of coastal resources (Figure 2). Although most major Maya archeological sites are located inland and show heavy reliance on terrestrial resources, including large-scale domesticated plant production (White et al., 1993; Kunen, 2001; Chase and Chase, 2016), coastal sites are likely underrepresented due to submergence following sea level rise (McKillop, 2009, 2017).
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FIGURE 1
(A) Reef matrix cores and U–Th dates (n = 15) obtained (in year AD) along length of cores. Bakers = Bakers Rendezvous, Elbow = Elbow Cay, Lagoon = Lagoon Cay. (B) Map of coring locations (colored circles), shallow reef habitat (orange areas), prehistoric and modern human population centers, and rivers in Belize. Inset: Google Earth. (C) Age-depth plot showing reef accretion trends.
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FIGURE 2
Human population and demographic trends and timeline of major events in Belize with relevance to human utilization of coral reef resources and reef ecosystem functioning and over the past ∼1,300 years. Points are estimates of population subsets within Belize; these numbers are not necessarily directly comparable across groups due to differing survey methods. Error bars represent lower and upper estimates, points represent means or single available estimates. Sources and methods of computing human population estimates are provided in Supplementary Table 1.


Coastal sites, including salt works and the nearby inland city, Alabama, show that Classic and Postclassic Period Maya inhabited and utilized resources from the coastal zone of southern Belize that is hydrologically connected to our reef coring sites (Figure 1B; Sills, 2016; McKillop and Aoyama, 2018; Peuramaki-Brown et al., 2020). During this time, Maya exploited estuarine and marine resources including manatee, conch, jacks, grouper, snook, and parrotfish and transported them via river networks to engage in trade with inland cities (Wing, 1975; McKillop, 2017; Peuramaki-Brown et al., 2020). Zooarchaeological data from coastal sites suggest a preference for shellfish, manatee, and terrestrial food sources over reef fish (McKillop, 1984; Williams et al., 2009; Simmons and Graham, 2016).

The arrival of Europeans in 1528 AD resulted in massive demographic and cultural changes and an increase in the exploitation of coastal marine resources across the New World (McClenachan and Kittinger, 2013). The introduction of novel human pathogens and the killing and enslavement of native peoples resulted in an estimated 50–90% loss of the Maya population (Bolland, 1973; Graham et al., 1989; Pendergast, 1993). By the 17th century, coastal Belize contained growing communities of European buccaneers, privateers, and pirates who utilized the cays and lagoons as bases from which to loot Spanish ships transporting goods on their established trade routes (Dampier, 1697; Camille, 1996a; Hanna, 2015). Though this coastal-dwelling group likely never numbered more than a hundred, they heavily exploited coral reef resources, focusing primarily on turtle and manatee and to a lesser extent on reef fish (including parrotfish; Dampier, 1697; Adams, 1985; Bentley et al., 2016).

The 18th century establishment and expansion of an English settlement to exploit Belize’s coastal hardwoods likely further increased reef resource utilization; Spanish territorial claims to the region resulted in a prohibition on English settlers (“Baymen”) pursuing large-scale agriculture or plantations, creating a reliance on local seafood as well as imports from Jamaica and other English holdings (Bolland, 1973). Baymen preference for turtles and manatee is well documented (Craig, 1966; Adams, 1985; Bentley et al., 2016). Belize’s population increased in the early 18th century as intensified logging led to an influx of slaves from other English colonies and Africa to support inland exploration beyond the denuded coastline (Joseph, 1974). This trend continued until the onset of the Anglo-Spanish War (1799–1783), during which Baymen and their slaves temporarily fled Belize. After the Spanish-English peace treaty in 1783, many Baymen returned with their slaves and laid claim to land well beyond the legal borders of the English settlement (Bolland, 1973). The tenuous legal status of these settlements on Spanish-claimed land continued to prevent conspicuous agricultural activities (Bolland, 1973), necessitating reliance on local seafood.

Throughout the 18th century, Belize’s small, wealthy population of English settlers controlled a lucrative import trade while slaves and the poor relied on subsistence fishing on coral reefs and/or illegal subsistence farming for survival (Bolland, 1973; Johnson, 2003). As a result, in 1787 when over 2,000 evacuees from the Mosquito Shore of Honduras fled to Belize, they faced a dearth of unclaimed land and food shortages (Bolland, 1973). Although the Spanish eventually permitted the cultivation of subsistence gardens in 1789 to support the growing population, many new settlers chose to focus on subsistence fishing (Bolland, 1973). By the 1861 census, many fishermen inhabited Belize’s cays (Craig, 1966; Camille, 1996b) and by the early 19th century, “Creole” (people of mixed African and European ancestry) fishermen in Belize City had expanded their activities to create a commercial fishery for domestic consumption (Craig, 1966).

Reliance on coral reef resources likely accelerated in the 1800s with the arrival of the Garifuna (descendants of escaped African slaves and indigenous people from St. Vincent Island) who formed the first recognized coastal settlement in southern Belize (Bolland, 1986; Moberg, 1992; Woods et al., 1997). Numbering no more than 300 in the early part of the 19th century (Camille, 1996b), the Garifuna are traditionally subsistence farmers and fishermen (Craig, 1966; Adams, 1985). Though initially pressured to work in the mahogany industry, the Garifuna spent off-seasons fishing and turtling (Camille, 1996b; Woods et al., 1997; Taylor, 2013); by 1823, Garifuna agriculture and fishing even supplied food to the main settlement in Belize City (Camille, 1996b; Woods et al., 1997). By the 1861 census, over 2,000 Garifuna had settled in Belize, with 80% living in coastal settlements in southern Belize (Camille, 1996b) and relying almost entirely on marine sources for meat, specifically fish and manatee (Conzemius, 1928; Craig, 1966). Garifuna have traditionally had Belize’s highest per-capita consumption of fish (Adams, 1985).

Population increases and economic changes during the 19th and 20th centuries further affected coastal resource utilization in Belize. In the mid-19th century, refugees fleeing the Caste War in the Yucatan began settling in northern Belize, doubling the English settlement’s population and introducing farming, cattle ranching, and large-scale agriculture to the import-dominated economy (Camille, 1996b; Woods et al., 1997). This new mestizo population engaged in fishing in the north and off Belize’s cays (Craig, 1966; Adams, 1985; Sutherland, 1996). Belize’s immigrant population further increased in the 1880s–1890s with the immigration of Mopan and Q’eqchi Maya from Guatemala and Mexico into Southern Belize (Woods et al., 1997). In the early 1900s, commercial fishing expanded in Belize, with local fishing cooperatives formed by the 1960s (Adams, 1985; Jackson et al., 2014). Despite population influxes, coastal development remained low; 98% of Belize’s coastal mangroves remained intact until the 1990s (Murray et al., 2003; Cherrington et al., 2010). By the 1990s, “fishing down the food web”(Pauly et al., 1998) was apparent on Belizean reefs, with declines in parrotfish abundance lagging the depletion of higher trophic level fishes such as groupers and snappers (Mumby et al., 2012). At this time, Belize shifted its economy from agriculture and fishing and toward ecotourism, resulting in increased coastal development and demand for local seafood (Sutherland, 1996; Gibson et al., 1998; Key, 2002).



Materials and methods


Collection of reef sediment cores

We collected sediment cores from 5 to 8 m water depth at three reef sites within the central lagoon of the Belize Barrier Reef in 2014: Bakers Rendezvous, Lagoon Cay, and Elbow Cay (Figure 1). These sites were selected because they were previously cored by Aronson et al. (2002a) and shown to have sufficiently high sedimentation rates, allowing for a relatively high-resolution record of reef ecosystem change. Cores were collected from the outer slope of diamond-shaped reefs, termed “rhomboid shoals,” that characterize this portion of the Belizean shelf lagoon. These shoals have an atoll-like configuration that reach sea level and contain a sediment-filled basin up to 30 m in depth (Macintyre and Aronson, 1997; Aronson et al., 2002a). Before the late 1980s, the outer flanks of the rhomboid shoals between 2 and 15 m depth were covered by living populations of the architecturally complex, competitive staghorn coral, Acropora cervicornis, and by the low-relief weedy coral, Agaricia tenuifolia, below 15 m (Shinn et al., 1979; Aronson and Precht, 1997). During the 1980s, WBD nearly eliminated the Acropora cervicornis populations on the rhomboid shoals. At the time of coring in 2013, the reef slope zones were composed of A. cervicornis rubble interspersed with A. tenuifolia rubble and thickets of living A. tenuifolia.

Sediment core collection and processing was conducted as described in Cramer et al. (2017). Using a diver-operated push core technique, an aluminum core tube was driven into rubble areas immediately adjacent to living reef at 5–8 m water depth (Cramer et al., 2017). Cores were sliced lengthwise and samples were obtained from 5 cm samples sectioned from one half of the core. The other core half was archived within the Scripps Institution of Oceanography Geological Collections. To provide a higher-resolution record of recent change and encompass millennial timescales, each sample from the top 1 m of each core was analyzed and every third sample from the rest of the core was sampled (Figure 1; Cramer et al., 2017).



Reconstructing long-term change in reef fish communities and reef accretion rates

Utilizing an established protocol for the isolation and quantification of fish teeth fossils (Sibert et al., 2017), sediment samples were washed, sieved, and separated into five size fractions (63–104 μm, 104–250 μm, 250–500 μm, 500 μm–2 mm, >2 mm) to aid in tooth counting. Samples smaller than 250 μm were acidified in 5–10% acetic acid to remove carbonates. The 63–104 μm size fraction was dyed using an Alizarin Red S solution described in Sibert et al. (2017) which turns fish teeth pink and makes them more easily distinguished from the siliceous sponge spicules and non-carbonate grains that constitute the acid-insoluble portion of these samples (Sibert et al., 2017). Samples were then inspected using a dissecting microscope to locate, taxonomically identify, and count fish teeth. Parrotfish teeth were identified via a reference collection for Caribbean reef fish teeth that was compiled from samples housed within the Smithsonian Institution’s National Museum of Natural History (Cramer et al., 2017).

A high-resolution chronology of reef ecosystem change was obtained by U–Th dating coral fragments within the cores following the methods outlined in Cramer et al. (2017). U–Th dating was conducted in the Radiogenic Isotope Facility at University of Queensland, following chemical treatment procedures and MC-ICP-MS analytical protocols described in Clark et al. (2012, 2017). For each core, a highly constrained chronology was produced where four 230Th ages were obtained at approximately 0.5 m intervals in the top 2 m portion of the core and one age from the bottom of the core, yielding five ages per core (Figure 1). From these cores, accretion rates (mm sediment accumulated per year) were estimated using linear interpolation between each pair of ages.



Reconstructing long-term change in human dynamics

Human population abundance was reconstructed using multiple sources. The “Census History Timeline” on the Statistical Institute of Belize’s official website provided raw numbers for partial censuses conducted decadally between 1790 and 1911 (Statistical Institute of Belize, 2022a). Population numbers given in primary sources, including letters between the Belize settlement’s ruling authorities and those in England, provided in Bolland (1973), were used to represent the population and demographics of the settlement before the official census in 1790, and to supplement years in which there was data given but no official census (Figure 2 and Supplementary Table 1). Population estimates and demographic information and percentages similarly based on primary sources and given by Bolland (1973) and Bolland (1994) were also used to calculate the population and demographics of the settlement during this time (Figure 2 and Supplementary Tables 1, 2). A population estimate for 1845 was also taken from Woods et al. (1997). However, these estimates do not include Maya or Garifuna people, and therefore significantly underestimate the total population. Population data from 1921 to 2000 at the district and national level were obtained from comprehensive decadal censuses carried out by the Belizean government and available from the Statistical Institute of Belize (2022b). Due to incomplete response rates, these are likely underestimates as well. To reconstruct the timeline of Belize’s history, demographic changes, and resource utilization, we synthesized peer-reviewed articles and books on the prehistory and history of Belize. Due to inconsistent sampling methodologies and geographic and demographic scopes of population estimates through time, these values are not directly comparable across time periods. We therefore interpret these as rough estimates and are not able to conduct quantitative analyses relating population trends to parrotfish abundance metrics or reef accretion rates.



Assessing change in reef ecosystems and human dynamics

Trends in parrotfish teeth abundance metrics, reef accretion rates, and human population were visually assessed by plotting raw values for each sample or time period. Trends in parrotfish teeth and reef accretion rates were qualitatively assessed using non-parametric locally weighted regression (‘loess’)-smoothed trendlines (Cleveland and Devlin, 1988). The loess smoothing parameter was set to 0.5 for detection of high magnitude changes across the full time series as well as shorter-term trends.

To assess the presence and direction of causal relationships between parrotfish relative abundance and reef accretion rates, we used convergent cross mapping (CCM), a technique that compares the ability of time-lagged components of one process to estimate the dynamics of another. CCM tests for significant causal relationships by recognizing that the observed values of a forcing process should be significantly better explained by observed values of a response process than expected by chance, and the accuracy of that explanation should improve with increasing time series length (Clark et al., 2015; Ye et al., 2015). We used a variant of CCM, multispatial CCM, which is appropriate for spatially replicated time series that individually contain short series (∼≤30) of sequential ecological observations of systems that share similar dynamics, such as samples from our three individual cores. We followed the CCM algorithm outlined in Cramer et al. (2017) to confirm that predictive skill (Pearson’s correlation coefficient) increased with greater number of historical observations (here, number of samples from a single core). This algorithm employed a bootstrapping with replacement procedure with 500 iterations to (a) leverage spatial information to reshuffle the order of spatial replicates and calculate the correlation coefficient and (b) test whether predictions indicated a significant causal relationship by determining whether the calculated correlation coefficient was significantly greater than zero and whether it increased significantly with sample size. A causal relationship was deemed significant if its corresponding P-value was <0.1, a threshold commonly used to increase the power of detecting trends with smaller sample sizes. To reduce the potential volatility in the relative abundance of parrotfish teeth due to low total tooth numbers, we conducted a separate CCM as above after excluding samples with less than 30 teeth. All statistical analyses were conducted using the R software package version 3.5.1; causality analyses were conducted using the ‘Multispatial CCM’ package (Clark et al., 2015).




Results


Reef matrix composition and U–Th chronology

The reef matrix cores ranged from 5.5 to 5.3 m in length when extracted and 3.5–3.0 m in length after settling and compaction and were primarily composed of a dense matrix of coral skeleton and mollusk shell fragments (>2 mm) within a sandy-muddy matrix of carbonate grains (Figure 1A). The total number of fish teeth within each sample ranged from 4 to 136 (mean = 46), the number of parrotfish teeth ranged from 0 to 70 (mean = 17), and the proportion of teeth from parrotfish ranged from 0 to 0.65 (mean = 0.36). On average, post-coring settlement reduced core lengths by 2 m, or to 64% of their original length. A total of 15 230Th ages obtained from all three cores reveal that these cores span the period 683 ± 10 AD to 1972 ± 2.4 AD. Corrected 230Th age errors (2σ) range between 2 and 12 years (see Supplementary Table 3). Within each core, all five 230Th ages are in chronological order, confirming minimal vertical mixing of larger grain reef sediments. Because we cored dead rubble zones adjacent to living reef, 230Th ages from the top of three cores are not modern day. The core from Lagoon Cay has the lowest reef accretion rates (4.6 mm/year before core compaction and from 1.6 to 6.4 mm/year after compaction) and represents the prehistoric to early industrial period (683–1867 AD), the core from Elbow Cay has intermediate accretion rates (7.0 mm/year before compaction and from 2.6 to 7.6 mm/year after compaction) and spans the prehistoric to modern period (1186–1972 AD), and the core from Bakers Rendezvous has the highest accretion rates (12.4 mm/year before compaction and from 7.4 to 9.3 mm/year after compaction) and begins just before European contact and spans through the early industrial period (1510–1938 AD; Figure 1C). Because U–Th dates were obtained from cores post-compaction, it is not possible to determine pre-compaction accretion rates from individual samples along the core length or to determine pre-compaction temporal trends in accretion rates.



Trends in reef accretion and parrotfish abundance

Reef accretion rates and proxies of parrotfish abundance show varying long-term trends across the three reef sites. Bakers Rendezvous has the highest reef accretion rate that peaks in the early 19th century then declines until the core top in 1938 AD (Figure 3A). Elbow Cay has an intermediate accretion rate that declines circa 1400 AD until the core top in 1972 AD. Lagoon Cay has the lowest accretion rate that begins to increase circa 1660 AD through the core top in 1867 AD. Across cores, parrotfish teeth abundance accumulation rates (AAR) generally correspond to relative reef accretion rates, with Bakers Rendezvous having the highest and Lagoon Cay the lowest values throughout the majority of their records (Figure 1B). Increases and decreases in parrotfish teeth AAR generally track trends in reef accretion, at least in part due to the similar way in which these metrics are calculated (they both contain number of years encompassed within a sample in their denominator). One exception is at Lagoon Cay, where, despite increases in reef accretion circa 1700 AD, parrotfish teeth AAR declines approximately one century later (Figure 3B).
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FIGURE 3
Reef accretion rate, two metrics of parrotfish abundance, and human population trends over the past ∼1,300 years. (A) Reef accretion rate (mm of core thickness per year). (B) Abundance accumulation rate of parrotfish teeth (number of teeth/dry weight of sediment × number of years encompassed in a sample). (C) Relative abundance of parrotfish (proportion of all fish teeth that are from parrotfish). (D) Human population trends. Shaded region indicates period of initial declines in proportion of teeth that are parrotfish (C).


In contrast to parrotfish teeth accumulation rates, the proportion of teeth fossils belonging to parrotfish is relatively consistent across sites, indicating that parrotfish comprise a similar proportion of the total reef fish community at all three reefs despite their varying accretion rates (Figure 3C). Trends in this proxy of parrotfish relative abundance are also consistent across sites, with each site showing a peak in this metric within the middle portion of each core (between approximately 1700–1800 AD) and subsequent declines (Figure 3C).



Link between reef accretion and parrotfish abundance

The convergent cross mapping causality analysis revealed a unidirectional causal relationship between one of our proxies of parrotfish abundance and reef accretion rates. The relative abundance of parrotfish teeth had a significant positive causal effect on reef accretion rates, but the reverse was not true—reef accretion rates did not causally affect the relative abundance of parrotfish (Figure 4). This result was consistent when samples with less than 30 total fish teeth were excluded (Supplementary Figure 1). Therefore, declines in parrotfish are at least one of the causes of the observed declines in reef accretion rates that occurred at two of the reef coring sites, Bakers Rendezvous and Elbow Cay (Figure 3A).
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FIGURE 4
Causal relationships between parrotfish relative abundance and reef accretion rate. Lines and shaded regions show mean ± standard deviation from 500 bootstrapped iterations. Significant causal forcing (*) determined from bootstrap test with 500 iterations and indicated when the Pearson’s correlation coefficient is significantly greater than zero for larger sample sizes (number of core samples, including all spatial replicates in the composite time series), and when correlation coefficient increases significantly with increasing number of core samples.




Link between reef and human dynamics

Trends in parrotfish abundance proxies at our reef sites were not clearly related to our semi-quantitative proxy of human alteration of reef ecosystems: national trends in human population. While declines in parrotfish tooth accumulation rates were initiated in the 1700s–1800s depending on site, human population was in decline during this period following European contact, and the population was consistently low from 1800 to 1950 (Figure 3D). By the onset of exponential population growth in Belize in the 1950s, both proxies of parrotfish abundance were already much reduced compared to their peak abundances (Figures 3B–D).




Discussion

The past millennium of human history in Belize is characterized by massive changes in human dynamics that may have affected parrotfish abundances. The reef matrix core record begins during the height of Maya civilization (Classic Period) in 683 AD and spans several major transitions before it ends in 1972 AD: (1) European colonization in the 16th century and subsequent Maya depopulation and influx of European settlers and other groups, (2) accelerated and often unsustainable terrestrial and marine resource extraction in the 17th–20th centuries, and (3) exponential population growth, coastal development, commercialization of marine resources, and anthropogenic climate change beginning in the 20th century. The two proxies of parrotfish abundance from tooth fossils show varying trends, suggesting a combination of human and environmental factors may be responsible. While parrotfish tooth abundance accumulation rates closely track reef accretion rates which vary across sites (Figure 3B), the relative abundance of parrotfish teeth peaks near the turn of the 19th century at all three sites (Figure 3C) and coincides with a period of increased utilization of reef resources. Below we investigate the most likely environmental and anthropogenic drivers of millennial-scale change in parrotfish abundance.


Possible environmental drivers of parrotfish abundance

Overfishing is currently the primary threat to parrotfish populations worldwide (Comeros-Raynal et al., 2012; Jackson et al., 2014) and likely played a role in the historical declines observed in this study. However, reef environmental change may also have contributed to parrotfish trends, which we assess here.

Paleoclimatic fluctuations may have affected parrotfish populations in Belize via storm and/or temperature-driven disturbances. Three major climate anomalies occurred in the Caribbean during the period encompassed by the core record: (1) the Medieval Warm Period (roughly spanning themid-10th to mid-15th centuries) characterized by warmer sea surface temperatures and higher tropical cyclone (hurricane) activity (Gischler et al., 2008; Mann et al., 2009), (2) the Little Ice Age (roughly spanning the mid-15th to late 19th century) characterized by cooler sea surface temperatures and drier conditions with lower hurricane activity (Mann et al., 1998; Watanabe et al., 2001; Gischler et al., 2008; Denommee et al., 2014), and (3) anthropogenic warming and increased hurricane activity beginning in the 19th century (Gischler et al., 2008; Abram et al., 2016). Higher hurricane activity could negatively impact parrotfish abundance via destruction of coral habitat or positively increase parrotfish abundance via increased macroalgal growth following coral mortality from storm damage. However, these effects would likely be transitory (Kaufman, 1983; Mumby et al., 2021) and parrotfishes are typically insensitive or even positively affected by climate-induced habitat degradation, including from storms and bleaching (Adam et al., 2011; Emslie and Pratchett, 2018; Taylor et al., 2019). Sea surface temperature extremes in either direction could negatively impact parrotfish abundance if they exceeded physiological tolerance limits, but no empirical data have yet been collected on physiological responses of parrotfishes to temperature change (Hoey et al., 2018).

Neither proxy of parrotfish abundance appears to correspond to the above paleoclimatic changes in an easily discernible manner. During the period of more intense hurricane activity and sea surface temperatures in Belize (throughout most of the period spanning the 7th–14th centuries), both metrics of parrotfish abundance were increasing (except for abundance accumulation rate in the Elbow Cay site; Figures 3B,C). These metrics continued to increase, peaked, and then declined during the Little Ice Age, a period of low hurricane activity and sea surface temperature (Figures 3B,C). These declines in parrotfish abundance proxies were initiated a century before anthropogenic warming and increased hurricane activity in the late 19th century (Denommee et al., 2014; Donnelly et al., 2015). In addition, our core records lack any age reversals, indicating minimal vertical mixing from heavy wave or storm action (Figure 1A), and no storm layers are visible in the cores (Figure 1B).

Land-based sedimentation from anthropogenic land alteration could also have affected parrotfish abundances via degradation of coral habitat and changes in algal abundance (Fabricius, 2005; Jackson et al., 2014; Mumby et al., 2021). Although widespread deforestation in Belize occurred during the Maya Late Classic Period (550–900 AD), parrotfish abundance proxies were stable or increasing during this time (Figures 3B,C; Jacob, 1995; Beach et al., 2006). Forests in this region increased from this time until European colonization in the 16th century (Mueller et al., 2010), and high levels of soil erosion did not begin again until the 20th century (Beach et al., 2006, 2018). Following European contact, coastal harvesting of logwood and mahogany dominated Belize’s economy through the 1800s (Joseph, 1974; Camille, 1996a; Peedle, 1999). However, legal extraction was concentrated in Northern Belize and was selective in nature (Bolland, 1973; Joseph, 1974), making historical deforestation an unlikely factor in parrotfish declines in the more southern Stann Creek area where our cores were collected. Most of the sediments and nutrients delivered by watersheds along the Mesoamerican Reef originate in Honduras, which has undergone widespread land-use changes over the past century due to agriculture (Harborne et al., 2001; Burke and Sugg, 2006; Leonard, 2011). However, declines in parrotfish teeth predate industrial agricultural activities in Honduras by 1–2 centuries, making this an unlikely driver. Coastal mangrove deforestation in Belize is also unlikely to be responsible for parrotfish declines initiated in the 18th and 19th centuries, as Belize maintained an estimated 98% of its original mangrove cover until the 1990s and the Stann Creek region did not experience significant mangrove loss until the 1980s (Murray et al., 2003; Cherrington et al., 2010).



Possible link between fishing and parrotfish abundance

Although dramatic human population fluctuations occurred during the period encompassed in the core record, these trends are asynchronous with those observed in the parrotfish abundance records from our cores, indicating that cultural and demographic changes may have had a more significant influence on levels of reef fish exploitation than absolute population numbers. The timing and direction of parrotfish abundance trends from the 7th to 16th centuries and zooarcheological data on Maya food preferences suggest that observed declines in parrotfish abundance were not related to Maya use of reef resources. First, both the accumulation rate and relative abundance of parrotfish teeth were increasing or at high levels within the two reef cores that encompass the Maya Classic and Postclassic periods (Figures 3B,C). Second, although Maya have utilized marine resources throughout their habitation of Belize, data from middens reveal that coastal Maya focused on manatee and shellfish more than reef fish and that parrotfish were not a preferred food fish (McKillop, 1984; Simmons and Graham, 2016). The inland Classic Period site of Lubaantun is notable for an unusually high usage of reef fish but this preference is specifically for jacks, not parrotfish (Wing, 1975). In modern Belize, Maya continue to show a low preference for marine fish (Adams, 1985). Although Maya could be expected to shift their exploitation toward lower trophic level species like parrotfish if their preferred food choices became scarce, at the time of European arrival, manatee, turtle, and shellfish were still relatively abundant (Dampier, 1697; McKillop, 1985; Bentley et al., 2016). Last, the timing of initial parrotfish declines in the 1700s–1800s occurred over a century after the decimation of Maya populations from disease, war, and subjugation following European colonization. This contrasts with insular areas of the Caribbean which show declines in parrotfish population and size resulting from Pre-Columbian indigenous fishing (Wing and Wing, 2001), possibly reflecting the greater reliance of island populations on reef fish.

In contrast, the declines in parrotfish abundance proxies that were initiated in the 18th and 19th centuries may have been caused by the shift from lower-effort Maya reef fishing to higher-intensity reef fishing by European colonists and subsequent influxes of immigrant groups brought to Belize voluntarily and by force. English buccaneers inhabited and fished from cays in the Stann Creek District where our reef coring sites are located (Joseph, 1974). In addition, the inequitable economic structure of the English settlement allowed the moneyed elite to afford imported goods from England and its colonial holdings while requiring the remainder of the settlement’s population to rely exclusively on the local production of food including subsistence fishing. Population increases within southern Belize in the 19th century could also have contributed to parrotfish declines observed during this period. The settlement, founding, and growth of Stann Creek Town (now Dangriga), the closest population center to the lagoonal reefs from which our cores were collected (Figure 1B), occurred in the early 1800s by Garifuna settlers. Although the Garifuna population in Belize numbered less than 300 in the early 1800s, it grew to over 2,000 by 1861 AD (Camille, 1996a). Despite their modest population size, the Garifuna relied strongly on marine resources, including reef fish, for nutrition and livelihood, engaging in small-scale commercial fishing to supply food to the settlement at Belize City (Conzemius, 1928). The founding of the Creole fishing village Placencia in the late 1800s may also have played a role in observed continued declines in parrotfish abundance (Bolland, 1988; Key, 2002). Small human populations with low effort and artisanal fishing gear have been shown to cause significant declines in fish populations globally (Pinnegar and Engelhard, 2008), particularly in the Caribbean (Coblentz, 1997; Hawkins and Roberts, 2004; Hardt, 2009). In post-industrial era Belize, parrotfish became a preferred food fish after larger fishes, such as groupers and snappers, became depleted over the past 50 years (Koslow et al., 1994; Mumby et al., 2012). However, parrotfish declines may have occurred prior to declines in higher trophic level species due to their use as bait in traps (Paz and Truly, 2007; Box and Canty, 2011). Last, historical parrotfish declines could have also been due to indirect fishing effects-declines in top predators such as larger groupers and snappers from overfishing has increased parrotfish predation by meso-predators and resulted in parrotfish declines on modern reefs in Belize (Mumby et al., 2012).

Although declines in parrotfish abundance beginning in the 18th century appear to coincide with the intensification of reef resource use, earlier trends in parrotfish abundance do not have any clear relationship with contemporary human dynamics. Parrotfish teeth accumulation rate is tightly linked to trends in reef accretion at all three reef sites (Figures 3A,B). This could be a result of more quickly growing reefs supporting more favorable habitat for parrotfish (which could explain the exceptionally high tooth abundance accumulation rates at the fast-growing reef at Bakers Rendezvous), the mathematical relationship between tooth accumulation rates and accretion rates (both have in their denominators the number of years represented in a sample, preventing a formal statistical analysis such as CCM), or both. Although the causality analysis found that reef accretion did not causally drive the relative abundance of parrotfish teeth (Figure 4), reef growth rate could affect the absolute number of parrotfish without affecting the relative abundance if it resulted in similar increases or decreases in multiple fish taxa. Similarly, changes in the abundance of teeth from other reef fish taxa in response to changes in reef environment and predation pressure could affect the relative abundance of parrotfish teeth. Last, the increases in parrotfish relative abundance observed in the bottom half of the cores across all three reef sites could be related to the early establishment of coral reef habitat as sea level changes altered the hydrology of the Mesoamerican Reef lagoon, similar to trends observed within reef sediment cores collected in Panama (Cramer et al., 2017). These factors were not explored in this study.



Nuances with interpreting the reef matrix core record

Factors associated with the preservation, accumulation, and dating of reef sediments and fish teeth fossils could have affected our results. Ages and accretion rates could be affected by uncertainties in age model estimation, possibly caused by linear interpolations between samples with dated coral pieces and/or uncertainties in the precise core depth of individual samples from sediment compaction during or after the coring process (on average, post-coring settlement reduced core lengths by 2 m, or to 64% of their original length). Linear interpolations also resulted in constant accretion rates for samples occurring between successive U/Th dates, which could conceivably have hindered our ability to detect causal effects between accretion rate and the relative abundance of parrotfish teeth. However, this did not prevent the detection of a causal effect of parrotfish relative abundance on accretion rates.

Despite similar geomorphologies and water depths and the close proximity (5–10 km) of our three coring sites, the magnitude and temporal trajectory of reef accretion rates varied notably across sites (Figures 1C,3A). For instance, the Bakers Rendezvous core shows relatively rapid and consistent accretion rates, the Elbow Cay core shows initial rapid accretion followed by gradually decreasing accretion rates beginning ∼1400 AD, and the Lagoon Cay core shows relatively low accretion rates that increased dramatically beginning ∼1660 AD (Figure 3A). These contrasting accretion histories could be related to their specific local coral growth and sediment deposition environment, including the developmental history of the adjacent reef flat that determines sediment supply to the reef slope habitat from which cores were collected. However, initial geological studies of these three sites have described similar mechanisms of formation and coral community composition for these rhomboid shoals (Macintyre and Aronson, 1997; Aronson et al., 2002a), precluding a conclusive explanation for the observed differences in reef accretion.

Although reef accretion rates were used as a proxy of coral growth, non-coral carbonate producing organisms also contributed to sediment production. However, in a similar set of reef matrix cores our team collected from Caribbean Panama, 83% of the weight of the undigested sediments >500 μm is made up of coral (Cramer et al., 2017). Accretion rates could also have been affected by the degree of bioerosion or physical erosion which could create finer sediments that might be more easily removed from the reef matrix by current or wave action. Accretion rates were in fact positively related to the proportional weight of the smallest grain size fraction (less than 104 μm), indicating that erosional forces (including bioerosion caused by parrotfish feeding) influence reef accretion rates (Supplementary Figure 2). Similarly, declines in reef growth and architectural complexity could result in less baffling of sediments between the coral fragments comprising the reef framework, possibly affecting the total abundance of smaller subfossils such as fish teeth. However, these changes would not be expected to significantly affect the taxonomic composition of fish teeth, as fish taxa contain teeth of similar size. Smaller grains <2 mm (including fish teeth) could have been winnowed through cores via bioturbation or the coring process, moving them deeper along the core length than larger coeval particles (corals), leading to mismatch in ages between corals and smaller fossils. However, the significant causal relationship between reef accretion rates (computed from ages of coral fragments >2 mm in size) and parrotfish teeth relative abundance indicates minimal vertical reworking or winnowing occurred. Finally, the fossil tooth record likely overemphasizes the contribution of parrotfish to the total living reef fish community due to the dentition of many parrotfish species including a multi-element tooth battery and scraping and excavating feeding behaviors causing high tooth turnover rates. However, these factors would not be expected to vary significantly over time.



Conservation implications

Our results confirm the positive effect of parrotfish on coral reef ecosystem functioning via enhancing overall reef accretion, demonstrating this trend in lagoonal reefs across two regions of the Caribbean (Cramer et al., 2017). They also indicate that long-term losses of parrotfish likely resulting from historical and modern overfishing have resulted in declines in the resilience of lagoonal reefs in Belize via two mechanisms. First, the decline in reef accretion rates has reduced the capacity of these reefs to keep up with sea level rise from anthropogenic climate change. Second, the loss of parrotfish herbivory increased the importance of herbivory by the urchin Diadema antillarum for maintaining coral dominance, setting the stage for macroalgal dominance following the disease outbreak that killed Diadema en mass in the 1980s (Hughes et al., 1987; Aronson and Precht, 2000; Jackson et al., 2001). Last, overfishing of parrotfish has been linked to a decreased ability of reefs to recover after hurricane damage; coral cover on Belize’s Central Barrier reefs decreased by 49% following three hurricanes while protected reefs elsewhere in the Caribbean showed no declines in average coral cover (Jackson et al., 2014). As hurricane events are likely to become more frequent and intense with warming oceans, coral reefs will face greater stress and risk of destruction (Knutson et al., 2020; IPCC, 2022).

The loss of reef resilience due to long-term declines in parrotfish has significant consequences for Belize’s human populations. Declines in reef ecosystem functioning, including growth, could detrimentally impact Belize’s subsistence and commercial fishing activities which provide local food security and support livelihoods (contributing $13–14 million USD annually to the economy as one of Belize’s largest export industries; Cooper et al., 2008). Declining reef health may also impact reef tourism which provides $135–176 million USD to Belize’s economy annually (Cooper et al., 2008). Reduced rates of reef accretion from parrotfish loss will also reduce Belizean reefs’ capacity to provide coastline protection from storm erosion and wave damage, a service which helps the nation avoid $120–180 million USD in damages annually (Cooper et al., 2008) and is of increasing importance as sea level rise accelerates due to anthropogenic climate change (Guannel et al., 2016).

Our results show that although recent management interventions have helped to improve the status of parrotfish on Belize’s reefs, these ecosystems remain significantly altered by human activities. Though the commercial take of parrotfish has been banned within Belize since 2009 and parrotfish abundance has increased during this time, coral cover within the lagoonal areas of the Belizean Barrier reef is low, macroalgal cover remains high, and the Diadema urchin has failed to recover nearly 40 years since its die-off (Jackson et al., 2014; McField et al., 2020). As elevated macroalgal abundance requires correspondingly high populations of herbivores to return reef ecosystems to coral dominance (Burkepile and Hay, 2010; Steneck et al., 2014), the continued protection of parrotfish is crucial. In the face of increasing climate impacts, a return of parrotfish abundances to their pre-1970s numbers is just the beginning; our data suggests that this benchmark is far from its historical peak and much progress toward recovery remains. Our long-term record also suggests that baselines set on reefs in the 1970s and 1980s were underrepresenting the role of parrotfish in Belizean reef ecosystems as a result of centuries of overfishing.
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Ecosystem structure—that is the species present, the functions they represent, and how those functions interact—is an important determinant of community stability. This in turn affects how ecosystems respond to natural and anthropogenic crises, and whether species or the ecological functions that they represent are able to persist. Here we use fossil data from museum collections, literature, and the Paleobiology Database to reconstruct trophic networks of Tethyan paleocommunities from the Anisian and Carnian (Triassic), Bathonian (Jurassic), and Aptian (Cretaceous) stages, and compare these to a previously reconstructed trophic network from a modern Jamaican reef community. We generated model food webs consistent with functional structure and taxon richnesses of communities, and compared distributions of guild level parameters among communities, to assess the effect of the Mesozoic Marine Revolution on ecosystem dynamics. We found that the trophic space of communities expanded from the Anisian to the Aptian, but this pattern was not monotonic. We also found that trophic position for a given guild was subject to variation depending on what other guilds were present in that stage. The Bathonian showed the lowest degree of trophic omnivory by top consumers among all Mesozoic networks, and was dominated by longer food chains. In contrast, the Aptian network displayed a greater degree of short food chains and trophic omnivory that we attribute to the presence of large predatory guilds, such as sharks and bony fish. Interestingly, the modern Jamaican community appeared to have a higher proportion of long chains, as was the case in the Bathonian. Overall, results indicate that trophic structure is highly dependent on the taxa and ecological functions present, primary production experienced by the community, and activity of top consumers. Results from this study point to a need to better understand trophic position when planning restoration activities because a community may be so altered by human activity that restoring a species or its interactions may no longer be possible, and alternatives must be considered to restore an important function. Further work may also focus on elucidating the precise roles of top consumers in moderating network structure and community stability.
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1. Introduction

The interconnectedness and dependencies among species are fundamental to how ecological systems respond to both natural and anthropogenic stressors, and therefore the indirect effects of those stressors on species themselves (Rooney and McCann, 2012; Oliver et al., 2015; Pita et al., 2018). The importance of interactions stems from the functions that species perform (e.g., detritivore, herbivore), and the community-level processes that emerge from the interactions or organization among functions (e.g., nutrient cycling) (Schleuning et al., 2015; Worden et al., 2015; Guidi et al., 2016). Thus, the importance of species functions to the health of ecological systems, and hence conservation biology, is broadly recognized. For example, one beneficial aspect of biodiversity is functional redundancy, where multiple species perform the same function, ensuring that the function and related processes survive despite the loss of any single taxon (Biggs et al., 2020; Elsberry and Bracken, 2021).

Functions, however, should be considered context-dependent, whereby the position of a function in a food web network, its interactions, and therefore its role in community stability and persistence, may depend on the composition of the rest of the community. For example, coyotes are apex predators in many regions of North America, but this is a historically recent result of the nineteenth and twentieth century extirpation of more powerful predators, such as the gray wolf and brown bear from those regions (Prugh et al., 2009; Levi and Wilmers, 2012; Ripple et al., 2013). Thus, the role of an ecological function is relative to the overall composition of the ecological system in which it is embedded. Furthermore, the histories of the functional and taxonomic compositions of ecological systems can be decoupled or asynchronous, necessitating a conservation paleobiological perspective. For example, Cenozoic mammalian communities that are defined on the basis of common functional traits persist over longer periods of geologic time as opposed to those that are defined based on taxonomic composition (Blanco et al., 2021). Functional diversity, and the manner in which taxon richness is apportioned across functional groups within a community, are key features that influence persistence over ecological and geological timescales (Roopnarine et al., 2019; Roopnarine and Banker, 2021). It is therefore important to better clarify how functional diversity affects the trophic structure of food web networks.

Here, we address the question of whether ecological functions retain their relative trophic positions in networks of species interactions as species composition and functional diversity change. We do this using marine ecosystems on evolutionary time scales, examining four geologic stages distributed throughout the Mesozoic, encompassing both the expansion of major groups of marine planktonic primary producers beginning in the Triassic and the Mesozoic Marine Revolution (MMR) (Vermeij, 1977, 2008; Knoll and Follows, 2016). Specifically, we reconstructed trophic networks from the western Tethys Ocean during the Anisian, Carnian, Bathonian, and Aptian stages. The examination of community composition and dynamics from a functional standpoint is a relatively recent approach, and most of the data describing the long-term structure of communities has been gathered from the fossil record. It is also on geological timescales that we are able to observe ecological changes that coincide with the extremes of environmental change that, while relatively uncommon in the geological record, are completely novel in the anthropogenically-driven modern world.

One particular focus of the study is the trophic organization of the paleocommunities. The concept of trophic level is central to ecology and guides our understanding of how energy flows in food web networks, and hence the sensitivity of those networks to perturbations that degrade species composition or population sizes. Recent work has shown that the trophic positions of taxa in food webs are subject to variation, and subsequently the functional relationships among taxa and the processes that result from functional interactions may likewise be expected to vary (e.g., Thompson et al., 2007; Gibb and Cunningham, 2011). This stands in contrast to conventional views of fixed functional and guild categories, such as a framework of vertical tiering, motility, and feeding mechanism (Bambach, 1983). The variability and context-dependency of functional roles and trophic positions, however, suggest that the addition of a dynamic aspect to guild frameworks might be necessary to more completely understand how ecological systems have changed through the Phanerozoic. Moreover, the implications of those changes have great importance to how we understand the relationship between functional diversity and food web structure in modern ecosystems. For example, one cannot assume that specific functions perform similarly in different communities, nor that species reintroductions will aid in the recovery of ecosystems if the ecological context (community) has already been sufficiently altered. Thus, an improved understanding of trophic organization of paleocommunities will help to inform our ability to target processes instead of species when considering conservation action.



2. Methods


2.1. Data compilation

Four Mesozoic trophic networks were reconstructed from stages with an abundance of occurrence data (>1,000 occurrences) available in the Paleobiology Database (PBDB) from the western Tethys: Anisian (Middle Triassic), Carnian (Late Triassic), Bathonian (Middle Jurassic), and Aptian (Early Cretaceous). We define “trophic network” as the complete set of predator-prey interactions among an assemblage of taxa, and not necessarily those that would be found in a spatio-temporal instantiation or subset of those taxa, which would correspond more precisely to a modern, local community food web. Data from the PBDB were downloaded on November 15th, 2017 using the following parameters: time intervals = Anisian, Carnian, Bathonian, and Aptian, region = Europe, and environment = marine. Duplicates and taxa from lagoonal or brackish water paleoenvironments (i.e., not a part of our target environment) were removed prior to analysis. These data were supplemented with occurrence data obtained from the literature and museum collections, specifically the National Museum of Natural History France (Paris, France), the National Museum of Natural History (London, UK), and the State Museum of Natural History (Stuttgart, Germany).



2.2. Trophic network reconstruction

Trophic network models of paleocommunities were reconstructed using the methodology described in Roopnarine et al. (2018). All taxa were organized into functional groups based on common ecological and environmental characteristics (e.g., Benthic Omnivore/Grazers; Nektobenthic Carnivores; Stationary, Epifaunal Suspension Feeders). Functional groups were further classified into guilds based on body and skull size ranges. The resulting trophic guilds represent ecologically similar groups of taxa that share both environment, overlapping predator, and prey resources, and body size. Potential interactions between guilds were identified using literature surveys of life-mode, feeding ecology, body shape, gape size, body size, gut contents, tooth morphology (similar to Massare, 1987), and data from modern analog species. For guilds composed of predators, such as fish, ammonoids, and marine reptiles, interactions between guilds were additionally constrained by both body size and gape size limitations (Brose et al., 2005). Likewise, molluscs such as bivalves and gastropods were binned according to body size in order to constrain durophagous predation. Guilds of predators were constrained in the ranges of prey body sizes, both above and below their own body size classification (see Section 3). The resulting system of guild interactions, or metanetwork (Roopnarine et al., 2007), allowed us to examine changes in occurrences and contexts of functional dynamics among our reconstructed stages.


2.2.1. Body size

Guild interactions were further constrained by partitioning marine reptiles, fish, and molluscs on the basis of their body size distributions. Species body sizes were obtained from either the literature, the Paleobiology Database (PBDB), or from museum specimens. If multiple specimens could not be measured and averaged, priority was given to the size of the holotype material. Marine reptiles were binned using skull size in order to constrain gape size limitations, using data primarily from the compilations generated by Scheyer et al. (2014) and Stubbs and Benton (2016), along with museum specimens. Molluscs (i.e., bivalves, gastropods, and cephalopods) were measured using the mean (if multiple individuals were available) of the largest dimension (i.e., diameter in ammonites and length/width in bivalves and gastropods), with data derived primarily from Heim et al. (2015, 2017), and the PBDB. Fish body sizes were measured as maximum body length (MSL), and obtained primarily from the compilations generated by Scheyer et al. (2014) and Romano et al. (2016), along with museum specimens. If body size could not be estimated from multiple sources, or a taxon was only partially preserved (i.e., only teeth, partial fragments, etc.), or was determined likely to be a juvenile, it was removed from this study. Lastly, we also acknowledge that some data sources, such as Heim et al. (2015, 2017), use type specimens as a proxy for the entire genus. While not ideal, use of type specimens has been shown to be an accurate way to estimate median body size of a genus, and hence can provide an unbiased measurement (Krause et al., 2007; Miller et al., 2009). Body size data used for the present study were ultimately recorded in mm for all taxa and data are available in https://github.com/Roxanne-Banker/RIME.




2.3. Species-level networks

Interactions between guilds in each stage were used to reconstruct a guild-level food web, or metanetwork, that can be used to estimate species-level networks (SLNs). Although the complete details of SLN's in the fossil record remain uncertain because of taphonomic incompleteness (i.e., soft tissue preservation) and spatio-temporal variability within the system, this approach provides an overview of the system that can be used to accurately characterize changing community dynamics over geologic timescales (Roopnarine and Dineen, 2018). Species-level networks (SLNs), which model species trophic interactions in contrast to those among functional groups and guilds, were generated by stochastically assigning predators and prey to species in a manner consistent with guild level topology, i.e., the metanetwork (Roopnarine, 2006, 2009; Roopnarine et al., 2007, 2018). Interspecific interactions cannot be documented exhaustively from the fossil record, and must be reconstructed from actual evidence, such as predation traces and gut contents, or inferred on the basis of functional morphology, co-occurrence, and uniformitarian interpretations (Roopnarine et al., 2018; Shaw et al., 2021). Nevertheless, out of the total number of interactions that could be conjectured within a set of taxa, only those that are functionally consistent with a metanetwork could actually have existed (Roopnarine et al., 2018). Any species-level network or food web derived from a metanetwork is therefore plausible, but can be refined further using empirical or theoretical expectations (Shaw et al., 2021).

Here we employ an approach where the number of prey interactions for a consumer species, k was determined randomly by assuming that the distribution of the number of prey species per consumer (the in-degree distribution) within a single guild is hyperbolic, a feature that is common in modern food webs (Williams et al., 2002; Roopnarine et al., 2007). We applied a mixed exponential-power law distribution, P (k) (Roopnarine et al., 2007), which has been shown to statistically compensate for trophic chains within a food web being lost or shortened due to taphonomic processes (Roopnarine and Dineen, 2018).

[image: image]

where

[image: image]

M is the total number of prey species available to a guild, i.e., summed across all prey guilds linked to it in the metanetwork, and γ is a power law exponent, here taken to equal 2.5. One thousand model species-level food webs were generated for each paleocommunity (i.e., Anisian, Carnian, Bathonian, and Aptian). Network trophic position (ntp) and maximum food chain length (mcl) were calculated for each species in all SLNs for all paleocommunities. The network trophic position (ntp) of a species is the average of the shortest path lengths, or number of trophic steps, of its prey species to a producer species (Roopnarine and Dineen, 2018). The concept of “trophic level” is problematic for food webs where network topology consists of more than simple linear food chains. Ntp addresses this by considering the trophic position of a species relative to the primary producers within the network, spanning multiple types of topological pathways. The network trophic position of a consumer species i is calculated as:
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where ri represents the number of prey species of i and aij = 1 if i consumes species j, and 0 otherwise. Finally, lj is the shortest path length of species j to the primary producer level. Primary producers are assigned an ntp of 1.0; therefore consumers that are strictly herbivores in this model have an ntp of 2.0, because the average shortest distance between their prey and primary producers is zero. Values of ntp > 2.0 represent omnivorous predatory taxa or guilds. Omnivorous taxa, which feed at multiple trophic levels in a food web, will therefore have non-integer ntp values.



2.4. Paleocommunity structure

Paleocommunity dynamics throughout the Mesozoic are described by the stages compiled here, and the resulting community trophic complexities are described by applying several network statistics to the metanetworks and analyses of changing compositions of guilds and functional groups.


2.4.1. Metanetwork statistics

These statistics include richness, or the total number of species, number of functional groups, number of guilds, number of guild interactions, connectance, and link density. Connectance measures the ratio between the number of inter-guild interactions and the maximum number of interactions (links) possible between guilds, and is calculated as:

[image: image]

where C is connectance, L is the number of guild interactions, and G is the number of guilds (Roopnarine, 2010). Connectance describes the density of interactions and has been proposed to be inversely correlated with stability (May, 1974). Link density is the average number of interactions per guild:
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where Di is the link density of guild i.



2.4.2. Functional dynamics

Paleocommunity functional dynamics were described at the higher-order guild level based on data derived for each guild from all SLNs from each stage. Guild-level statistics per stage were calculated for a given guild by averaging all species-level measurements in that guild using the pooled set of 1,000 model SLNs. Guild statistics include mean guild network trophic position ([image: image]), mean guild maximum chain length ([image: image]), mean guild body size ([image: image]), and guild richness (number of species per guild). Guild richness was transformed into a percentage of total community richness for that stage.

[image: image]

Guild mean body size was also calculated in the same manner for guilds that contained species for which body size data could be obtained (see Data availability statement for full guild level data set with body sizes), and is reported as the logarithm of mean guild body size ([image: image]).


2.4.2.1. Persistent, extinct, and new guilds

Differences between guild properties were used to characterize transitional functional dynamics between stages. For each transition, e.g., Anisian to Carnian, guilds were classified as persistent, extinct, or new. Persistent guilds are present in both stages, extinct are restricted to the older stage, and new are restricted to the younger. Comparisons were made of several properties across the three guild classifications, including distributions of [image: image], [image: image], [image: image], and percent guild richness. For example, persistent, extinct and new categories would be compared using the distributions of [image: image] within each category.

Two types of comparisons were made for each transition. First, the properties of persistent guilds were compared between the two stages of a transition to determine if those properties changed as a result of altered community structure or guild species richness. Second, properties were compared between those of persistent guilds in the earlier stage, guilds that occurred only in the earlier stage (extinct), and guilds that occurred only in the later stage (new). Comparisons of [image: image] and [image: image] were restricted to guilds of [image: image] because by definition those properties cannot change for guilds of [image: image]. Comparisons of percent guild richness were restricted to guilds of [image: image], because species richness was not available for primary producer guilds, and hence do not vary in our data. All comparisons were performed in R (version 4.1.2) using Bayesian routines implemented in the BEST package (version 0.5.4) (Kruschke, 2015). Differences in posterior distributions were produced using the BESTmcmc() function with default parameters and broad priors (priors = NULL). This procedure uses a Bayesian Markov Chain Monte Carlo (MCMC) procedure implemented in JAGS (version 4.3.0) using the package rjags (version 4.12), which generated 100,000 MCMC draws with 1,000 burn in steps (Plummer, 2003, 2021).



2.4.2.2. Bayesian analyses

The brms package (version 2.16.3) was used to perform a Bayesian alternative to the analysis of variance to compare parameter values distributions ([image: image], [image: image], [image: image], percent guild richness) between all communities. This analysis was applied using only guilds with [image: image] to focus analysis on consumer guild dynamics. The comparison for [image: image] only included guilds for which body size data could be obtained (133 out of 189 total guilds across all communities). The model call for these tests were specified as brm(var ~stage, data), where var represents [image: image], [image: image], [image: image], or percent guild richness. For all Bayesian comparisons made in the brms or BEST packages, if the difference between 95% credible intervals for the posterior distributions between sets of guild properties was not equal to zero, then the groups compared are considered credibly different. The term credible is used here in lieu of significant to avoid confusion arising from the use of significance in relation to the p-value in null hypothesis significance testing.

The brms package was also used to implement a Bayesian regression analysis to assess the relationships between [image: image] and other guild-level network parameters: [image: image], percent guild richness, and [image: image], for each community. Bayesian linear regression was performed on the subset of guilds for which body size data could be collected, but did not exclude guilds with [image: image]. Bayesian models in brms were implemented in Stan using rstan (Bürkner, 2017, 2018; Carpenter et al., 2017; Stan Development Team, 2021).

The brm() function was used with default parameters and broad priors (priors = NULL), and models were specified as [image: image] for each stage, where param represented [image: image], percent guild richness, and [image: image]. Differences in posterior interval estimates were generated from 4,000 MCMC draws with 4,000 burn in steps. All code for analyses can be found in https://github.com/Roxanne-Banker/RIME.

A final Bayesian linear regression was performed between [image: image] and [image: image] for trophospecies (see Roopnarine and Dineen, 2018) from the trophic network reconstruction of a modern Jamaican reef community obtained from Roopnarine and Hertog (2012). Trophospecies as defined in Roopnarine and Dineen (2018) represent multiple species that were collapsed into a single unit when they shared exactly the same prey and predators. By comparing the Jamaican reef to Mesozoic communities that span gradients of primary production and functional diversity, we can begin to assess large scale patterns and drivers of community structure. Insights from this analysis can in turn be used to build our understanding of how to select for network structures that have positive functional outcomes for community health and stability.




2.5. Sensitivity analyses

We conducted randomization tests to examine the sensitivity of our results to possible errors in assigning guild interactions. Given the density and functional diversity of the stage networks, the possibility arises that some assigned links were not present in reality, or real links were omitted or unrecognized. We did not consider the re-assignment of species to guilds, as we consider it unlikely that taxa would be mistakenly assigned among functional groups, particularly given that many such groups have narrow phylogenetic diversity (e.g., guilds dominated by ammonites, or those by marine reptiles).

Randomizations were conducted by randomly selecting and re-assigning a fixed proportion of links from the binary adjacency matrices of each stage. The predation adjacency matrix is a binary guild by guild matrix, where an entry of 1 indicates that the guild in row i preys on species in the guild in column j. Elements are otherwise zero. The total number of guild interactions vary among the stages as follows: Anisian—11,025; Carnian—10,609; Bathonian—13,689; Aptian—11,236. Ten and 15% of interactions were randomized for each stage, and this was repeated 30 times for each level of randomization. A SLN was derived from each randomized matrix. We then compared the set of ntp distributions for each randomization level using the Bayesian techniques outlined above.



3. Results



3.1. Broad changes in Mesozoic trophic networks

Mesozoic stage trophic networks reconstructed here differed notably in terms of species and guild diversity, and trophic network metrics (Figure 1). Overall, while trophic network measures were distinct from one another, there was no clear temporal trend for increasingly younger communities from the Anisian to the Aptian (Table 1). The Carnian network had the highest species richness but lowest guild richness. The fewest number of functional groups were recovered in the Aptian. Although the Anisian was the least species rich, the Bathonian had the lowest network connectance and link density of all communities (Table 1).


[image: Figure 1]
FIGURE 1
 Boxplots displayed for (A) [image: image], (B) [image: image], and (C) [image: image] for guilds in Mesozoic communities. Data only shown for guilds with associated body size data, and for those with ntp >2.0. The number of guilds displayed in this figure for each stage are as follows: Anisian: 47; Carnian: 38; Bathonian: 58; Aptian: 46.



TABLE 1 Summary of guild-level food web network measures representing Anisian, Carnian, Bathonian, and Aptian communities.
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There was a credible decrease in the distribution of mean guild ntp ([image: image]) in the interval between the Anisian and Carnian stages (Figure 2). In contrast, there was a credible increase of guild [image: image] from the Carnian to the Bathonian, followed by a slight, non-credible decrease in [image: image] between the Bathonian and Aptian (Figure 2). The only shift that occurred between sequential communities for mean chain length ([image: image]) was a credible increase from the Anisian to the Carnian. Mean body size ([image: image]) was credibly higher in the Anisian compared to the Carnian, and there was also a credible decrease between the Carnian and Bathonian (Figure 2). Comparisons of percent guild richness did not reveal any credible differences in this parameter between stages (Supplementary Table 2). Overall, there was a credible decrease in [image: image], [image: image], and [image: image] from the Anisian to the Carnian. This was followed by a credible increase in [image: image] and [image: image] from the Carnian to Bathonian. Details of posterior distributions and differences in posterior distributions of these parameters between stages can be found in Supplementary Tables 1, 2, respectively.


[image: Figure 2]
FIGURE 2
 Differences in posterior interval estimates from 4,000 post-warmup MCMC draws for (A) [image: image], (B) [image: image], and (C) [image: image] for guilds in all Mesozoic communities. Data only shown for guilds with associated body size data, and for those with ntp >2.0. Colored areas represent the 95% credible interval for that parameter (Supplementary Table 2).




3.2. Parameter differences between extinct, persistent, and new guilds

Pairwise comparisons of parameters between stages for guilds that were categorized as persistent, new, or extinct showed that [image: image] distributions were dynamic. The most consistent pattern is that guilds that did not persist between stages always had credibly higher [image: image] values than guilds that persisted from the previous stage (Figure 3). The relationship between guilds that persisted between stages, and those newly originated in the later stage, was more variable. Newly originated guilds had credibly higher [image: image] values than persistent guilds in both the Bathonian and Aptian, but not the Carnian. Guilds that persisted from the Bathonian to Aptian had credibly higher [image: image] values in the Aptian than the Bathonian (Figure 3). Guilds that disappeared after the Anisian had credibly higher [image: image] than guilds that were new in the Carnian.


[image: Figure 3]
FIGURE 3
 Differences in posterior distributions of [image: image] for guilds that were extinct, persisted, or were new between sequential pairs of communities. Bathonian–Aptian (top), Carnian–Bathonian (middle), Anisian–Carnian (bottom). The mean is shown for each resulting distribution, as is the 95% High Density Interval (black bar). Finally, the percentage of data that falls below and above zero is shown on the small vertical dotted line.


A similar pattern comparing non-persistent to persistent guilds was found for percent guild richness. Non-persistent guilds always had credibly greater values of percent guild richness than persistent guilds for all pairs of successive stages. Guilds newly originated in our series also had higher percent guild richness than guilds that had persisted from an earlier stage (Figure 4). Notably, guilds that did not persist from the Bathonian to the Aptian had credibly higher percent guild richness than guilds that first appeared in Aptian. The analysis comparing extinct, persistent, and new guild parameter distributions was also applied to [image: image], but revealed few differences between populations (data not shown).


[image: Figure 4]
FIGURE 4
 Differences in posterior distributions of percent guild richness for guilds that went extinct, persisted, or were new between pairs of communities. Bathonian–Aptian (top), Carnian–Bathonian (middle), Anisian–Carnian (bottom). The mean is shown for each resulting distribution, as is the 95% High Density Interval (black bar). Finally, the percentage of data that falls below and above zero is shown on the small vertical dotted line.




3.3. Relationship between trophic position and other guild parameters

We applied Bayesian multiple regression to determine which guild measures might have an affect on [image: image] (Supplementary Table 3). Results indicate that there is a credible relationship between [image: image] and [image: image], and this relationship differs between the Bathonian as compared to the Anisian and Aptian, which are very similar. There is not a well-resolved relationship in the Carnian (Figure 5, Table 2). The Bathonian stage displays the steepest slope for the [image: image] relationship, which is to be expected given that this network also has the highest [image: image] values. The Anisian, Aptian, and Carnian had lower [image: image] slopes and were similar to one another. Finally, the modern Jamaican reef network had a slope that was most similar to the Bathonian in [image: image] space (Figure 5, Table 2).


[image: Figure 5]
FIGURE 5
 Linear fit lines from 100 MCMC draws relating [image: image] to [image: image] (A), [image: image] (B), and percent guild richness (C). A full report of posterior distributions for linear model parameters can be found in Supplementary Table 3.



TABLE 2 Summary of posterior distributions for slopes (β) from the Bayesian linear regressions between [image: image] and [image: image] for Mesozoic and modern communities.
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There is also a credible relationship between [image: image] and the logarithm of body size ([image: image]. Though it is less well defined than the relationship between [image: image] and [image: image], each stage has a distinct [image: image] relationship, with the exception again of the Carnian (Figure 5). The Anisian network has the steepest [image: image] size slope, while the Bathonian stage had the second highest slope, and the Aptian had the lowest slope (Supplementary Table 3). There is no credible relationship between [image: image] and percent guild richness as indicated by the spread of linear fit estimates (Figure 5, Supplementary Table 3).



3.4. Persistent guild trophic position in different communities

To determine how trophic position might vary for the same guild between communities, we plotted [image: image] for guilds that occurred in all four communities reconstructed for this study (Figure 6), and statistically compared [image: image] distributions of these guilds between communities. It is clear that a given guild may have a different network trophic position in different community contexts, i.e., when different combinations of guilds are present in their environment. However, this did not cause distributions of [image: image] to credibly differ from one another for guilds that persisted in all communities (Supplementary Table 4), indicating that at least among persistent guilds, [image: image] space is largely maintained between communities even if individual guilds undergo change.


[image: Figure 6]
FIGURE 6
 Guild [image: image] for guilds that occurred in all four stages. [image: image] for the same guild may vary greatly depending on what other guilds are present in the community at the same time.




3.5. Sensitivity analyses

Randomization tests were performed to determine the extent to which possible errors in guild interaction assignments may have affected results reported here. For the 10 and 15% randomizations, new distributions of [image: image] from sequential stages were compared to one another to determine whether relationships between stages had changed (Supplementary Figures 1, 3), thus altering the overall conclusions. We also compared distributions of [image: image] from randomized webs to the original distributions to determine how much each stage varied from the original data sets (Supplementary Figures 2, 4). We found that all stages in both 10 and 15% randomization scenarios increased significantly in [image: image] (Supplementary Figures 2, 4) and that this shift was greater in magnitude for the 15% than the 10% randomization.

At the same time, when we compared the randomized [image: image] distributions of sequential stages to one another, we recovered the same patterns of [image: image] increase and decrease as was reported from the non randomized food webs (Supplementary Figures 1, 3). Therefore, while incorrect guild assignments do affect the community distributions of [image: image], the changes are similar across stages and do not alter the interpretations of the results and conclusions reported here.



4. Discussion

There are many practical, moral, and aesthetic reasons for preserving natural systems that are under stress as human-driven threats to biodiversity and ecosystem functioning increase in their numbers and intensities. However, species conservation alone is not a solution to biodiversity loss stemming from the climate crisis (Gallagher et al., 2013; Pimiento et al., 2020b). The persistence of individual taxa and its impact on ecological processes is dependent upon the many networks of antagonistic and mutualistic interactions in an ecosystem (Tylianakis et al., 2010). The functions and processes that emerge from those networks are themselves fundamental to the persistence and health of both natural and human systems, and the members embedded within.

Here we show that community structure varied significantly over the course of the Mesozoic, as illustrated by shifts in stage-level distributions of guild parameters and changing relationships between these parameters. When looking at the Mesozoic communities only, the Bathonian displays an unusual trophic structure in [image: image] space. When compared to a modern Jamaican reef community, we found that the Bathonian trophic structure instead resembles this more modern ecosystem (Figure 7). Thus, not only did we not find a consistent trophic structure among communities investigated, but there is also not a directional change toward increasingly more modern ecosystem structure in the Mesozoic. The fact that the modern reef network has an [image: image] relationship that is more similar to the Bathonian rather than the Aptian, and that the Aptian is more similar to the Anisian, implies that the nature of this relationship, and the trophic structure that it describes, is determined by several interacting factors including primary production, functional diversity, and size distributions of consumers. Conservation science has long recognized the central importance of these factors in ecosystem health and functioning. But an explicit understanding of how primary production, functional diversity, and large consumers influence community structure, and therefore persistence, is lacking. Clarifying how these components influence ecosystem structure is a necessary step to operationalizing our understanding of complex ecological networks to promote resilience, or even restore degraded natural systems.


[image: Figure 7]
FIGURE 7
 Linear fit lines from 100 MCMC draws relating guild mean [image: image] and [image: image] for all Mesozoic communities and a modern Jamaican coral reef.




4.1. Changing ecology and food web structure
 
4.1.1. Guild parameters and the Mesozoic Marine Revolution

The Permian-Triassic Mass Extinction (PTME) eliminated 69% of marine genera and was hence a transformative event for marine systems that was highly selective against stationary epifauna and other less energetically intensive life modes, resulting in liberated ecospace for more competitive successors to proliferate during the Mesozoic (Bush and Bambach, 2011; Dineen et al., 2019). In addition to changing guild diversity, there was a notable decrease in [image: image], [image: image], and [image: image] between the Anisian and Carnian stages. These Carnian shifts of guild parameters may represent a community level signal of the Carnian Pluvial Event (CPE), a period of time 234 to 232 Ma that was characterized by an enhanced hydrological cycle and elevated marine extinction (Ogg, 2015; Miller et al., 2017; Li et al., 2020). However, more work is required to demonstrate definitively whether or not Carnian guild level patterns ([image: image], [image: image], [image: image]) represent a signal of the CPE. For example, we hypothesize that reconstructing Carnian trophic networks at a finer temporal resolution in the future will likely reveal that the relationship between [image: image] and other guild parameters are better resolved in the Early Carnian, only to breakdown in the later Carnian during the actual extinction event.

Overall, all communities except for the Carnian displayed a clear relationship between trophic position ([image: image]) and body size ([image: image]), as is observed in modern systems (Robinson and Baum, 2016). The decrease in slope of [image: image] for progressively younger communities was driven by the appearance of increasingly large body-sized guilds of top consumers throughout the Mesozoic, culminating in the Aptian (Figure 5). Larger body sizes of high level consumers must be supported by enhanced production and biomass at lower trophic levels; therefore the decreasing slope of [image: image] is likely an ecological signal of the secular increase in primary production observed over the course of the Mesozoic (Knoll and Follows, 2016; Lowery et al., 2020; Martin and Servais, 2020; Antell and Saupe, 2021; Rojas et al., 2021). Thus, results presented here provide direct evidence for escalation, and agree with broad taxonomic patterns reported for the MMR, even considering early examples of megafaunal predation in the Early Triassic (Jiang et al., 2020; Liu et al., 2021). As the energy base for marine ecosystems increased during the Mesozoic in the form of enhanced primary production, predators at higher trophic levels evolved increasingly powerful adaptations, such as high mobility and large body size, to successfully exploit resources.

Differences in the relationship between [image: image] and mean food chain length ([image: image]) in each stage reveals clear changes in food web dynamics between communities (Figure 8). Guilds at a given [image: image] were feeding more often at higher trophic levels than lower trophic levels in the Bathonian as compared to the Anisian and Aptian. In other words, top consumers in the Bathonian stage were exhibiting less trophic omnivory (Pimm and Lawton, 1978) than guilds in the Anisian and Aptian. We propose that these top-heavy food chains in the Bathonian were enabled by the significant increase in pelagic primary production from the Triassic to the Jurassic (Knoll and Follows, 2016). It is well-established that the amount of energy entering a trophic level (via consumption) will not be entirely available at the next trophic level because there is energetic loss through respiration as heat and through the expulsion of waste (Pimm, 1982). Therefore, the hierarchical organization of consumers, and particularly the length of food chains, is enabled or restricted by the amount of primary production in an ecosystem (Lindeman, 1942; Oksanen et al., 1981; Kaunzinger and Morin, 1998). The fact that Bathonian communities were able to sustain top consumers that fed more frequently at higher trophic levels indicates that enough energy was being transferred through lower trophic levels to top consumers even though they did not receive the benefit of high ecological efficiency by feeding at lower trophic levels.


[image: Figure 8]
FIGURE 8
 (A) Recreation of Figure 6 (top) representing the relationship between [image: image] and [image: image] for all Mesozoic communities. Drawn on the plot is a line delineating two groups referenced in the Discussion, which include the Bathonian in Group 1, and the Anisian, Carnian, and Aptian in Group 2. (B) Schematic diagram of proposed difference in food chain [image: image] vs. [image: image] in Group 1 and Group 2. Where in Group 1 the top consumer feeds only high in the food chain, the top consumer of Group 2 displays trophic omnivory by feeding on intermediate consumers lower in the trophic chain. P, primary producer.


After the Bathonian, trophic omnivory re-expanded in the Aptian network, as evidenced by the return to a slope in [image: image] space that was more similar to those recovered for the Anisian and Carnian. But if enhanced primary production in the Jurassic is the cause for the increase in [image: image] slope from the Triassic to the Jurassic, why does this slope decrease again in the Aptian (Cretaceous)? In the Bathonian, the largest consumers had the highest [image: image] values, indicating that these predators were feeding primarily on other guilds that were at the ends of long food chains (Figure 5). The guilds with the largest body sizes in the Aptian, however, were larger than those in the Bathonian and had intermediate [image: image] values of ~3.0. This indicates that these guilds with very large body sizes in the Aptian were feeding at the end of shorter food chains than their smaller Bathonian counterparts. Trophic omnivory makes ecological sense for these large Aptian consumer guilds given their identities: two guilds of sharks and one guild of fast predatory fish. Sharks in modern reefs are well-known to feed on a variety of prey that occupy a range of trophic levels (Hussey et al., 2015; Bond et al., 2018), which means that they do not often occupy the highest trophic position in an ecosystem (Roopnarine and Dineen, 2018). Isotopic evidence confirms that while true apex predatory sharks may occupy high trophic levels, many reef sharks are mesopredators that occupy a similar trophic position to carnivorous bony fish (Roff et al., 2016), a result that is also recovered in the Aptian stage studied here. Thus, the MMR might also represent a significant rise of powerful mesopredators that play an important role in moderating trophic structure. Further work is required to better characterize the role of mesopredation in determining ecosystem structure, and how this relationship has changed over geologic time.

The difference in contribution of top consumer guilds, in the Bathonian versus the Aptian communities, to short food chains can be attributed to different size and ecologies of the guilds themselves. In the Bathonian, the four largest consumer guilds are reptiles that have high [image: image] values, and one larger shark guild that also has a lower [image: image]. In the Aptian, the four largest consumers are two guilds of sharks, one of carnivorous bony fish, and one marine reptile, where the reptile has the smallest body size of the four but the highest [image: image]. Taken together, this evidence suggests that the predatory marine reptiles, albeit relatively smaller than their Cretaceous shark counterparts, contributed to longer food chains. In the Aptian, the functional group of sharks that was present in the Bathonian saw an increase in body size and was joined by two additional very large predatory guilds that contributed to an increase in short food chains. It remains unclear whether body size alone accounts for differences in contributions to short food chains. Given that dentition of Cretaceous sharks and Mesozoic marine reptiles were found to be distinct in PCA space (Ciampaglio et al., 2005), it is possible that some difference in feeding ecology not related to body size may also explain the difference in trophic omnivory between these two groups. Further work evaluating how body size affects chain length distributions for consumers would be required to resolve this question. Overall, the decrease in slope from the Bathonian to the Aptian in [image: image] space is due to, at least in part, differing size structure of top consumer guilds in each network.




4.1.2. Guild traits that affect extinction risk

The fact that extinct guilds have high [image: image] and lower guild percent richness could imply a causal link between these parameters, in that less rich guilds may be more likely to not persist (Figures 3, 4). However, the lack of credible relationship between [image: image] and guild percent richness for any stage indicates that a given high [image: image] guild is not necessarily less rich (Figure 5). Therefore, low richness guilds may have failed to persist because of enhanced extinction risk inherent to ecological functions that do not display high redundancy in their community (Pimiento et al., 2020a). This result agrees with previous studies assessing the effect of rarity and taxonomic traits on extinction risk (McKinney, 1997, 2003; Harnik, 2011; Tietje, 2019). But when high [image: image] guilds failed to persist, they did so because of either intrinsic properties that make them more vulnerable during a perturbation, such as bottom-up disturbances in the food web or habitat restriction (Harnik et al., 2012; Pimiento et al., 2017).

Of great interest to modern conservationists is how to predict which taxa or ecological functions may be most affected, or driven to extinction, as the current climate crisis progresses. Regardless of the stage, top consumers (high [image: image] guilds) in the Mesozoic always experienced more turnover in the networks examined here. In modern ecosystems, humans pose additional risk to top consumers by directly hunting predators, exploiting common prey, or disrupting key habitat (Strong and Frank, 2010; Oriol-Cotterill et al., 2015), and are top predators in marine systems (Roopnarine, 2014). Predators in turn play an important role in engineering community structure through top-down feedbacks that involve moderating mesopredators in trophic networks (Borrvall and Ebenman, 2006; Darimont et al., 2015). These lines of evidence taken together support further inquiry into investigating how top predator restoration may confer positive change or stability to the ecosystems in which they reside, particularly given their enhanced extinction risk, exacerbated with human interference, and their affect on ecosystem structure (Clemente et al., 2010; Donohue et al., 2017; Wallach et al., 2017). Future conservation efforts should also consider what functions are important to maintain the health and stability of ecosystems, and which of those functions are most at risk of going extinct in the near future due to low redundancy. Further in depth research into what structural network properties cause extinction of different functions (guilds) in a community is necessary to further resolve these questions.



4.1.3. Trophic position is context dependent

The mutable nature of trophic position, even for a single guild or taxon, has important implications for community functioning and stability, and hence species conservation. Within an ecosystem, the structural complexity of the system, that is, its functional diversity, how richness is apportioned among functions, and how those functions interact with one another, determine higher level community properties such as stability and persistence (Roopnarine et al., 2019). Removing or adding taxa or guilds from a trophic network will affect all other interactions within the network to varying degrees, which in turn may confer or reduce community stability (Dunne et al., 2002; Allesina et al., 2009). Whether or not a given ecosystem resembles historical or fossil antecedents, interactions may be sufficiently affected to have altered food web structure such that reintroducing an extirpated species will not be successful, or will not confer the desired effect. For example, Roopnarine et al. (2019) (this volume) examine the extent to which grazing by the now extinct Stellar's Seacow may have buffered giant kelp forests against transformation into the urchin barren state, finding that the positive or negative nature of the mammal's impact depends on both the perturbation, and the presence of other species.

Results from this study align with recent calls to address the recovery of trophic structure when planning restoration efforts in terrestrial, aquatic, and marine systems (Dobson et al., 2006; El-Sabaawi, 2018; Loch et al., 2020). By evaluating patterns of interactions among incumbents that prevent reintroduction or restoration efforts, we can better target species or functions in a community that will help to stabilize the ecosystem from within, thus spurring restoration and long term resilience. Although the present study focuses on paleocommunities that are too ancient to be considered baselines for any modern system, comparing food web structure and dynamics of sequential communities against a backdrop of significant global change, the MMR, can help us to draw insights about the dynamics of modern marine communities.



4.1.4. Lessons from Mesozoic food webs

We also observed commonalities among networks: between all pairs of successive stages, guilds that did not persist had consistently higher [image: image] values and lower richness. High [image: image] guilds were not necessarily all less rich though, which implies that low richness guilds that failed to persist did so because functions with less redundancy are more likely to disappear, while high [image: image] guilds went extinct perhaps because of factors intrinsic to their ecology. Results presented here overwhelmingly suggest that community trophic structure varied considerably during the Mesozoic, which stands in contrast to previous studies that suggest a “Phanerozoic community structure” was in place by the Cambrian (Dunne et al., 2008). While there are certainly features and processes in common among biological communities, such as patterns of extinction and functional turnover addressed here, caution must be exercised in treating communities or even functional groups interchangeably. For example, even though the Anisian and Aptian communities appear similar in [image: image] space, there are clear differences in the energetics and function of these communities when considering the primary production regimes experienced by each, and the maximum sizes of consumers recovered.

A question central to community ecology is whether there are general principles underlying the organization of marine communities, or ecological communities in general? Such principles appear to operate during community assembly, and communities and other complex systems often share features of both structure, function, and perhaps even evolution. But how do those principles arise, how variable are they, and what are the implications for ecosystem conservation and regeneration? Addressing these questions requires the comparison of marine ecological systems at multiple points in time, observing or modeling the dynamics of communities and, with regard to living communities, the monitoring of community structure and dynamics.

In this paper, we addressed the first of these requirements by reconstructing and modeling several Mesozoic stage ecological networks. In contrast to previous work that has suggested that Phanerozoic marine community structure was in place by the Cambrian (Dunne et al., 2008), results here suggest otherwise. Dunne et al. (2008) reconstructed significantly older middle Cambrian communities from the Chenjiang and Burgess Shale lagerstätte, arguing that those communities were similar enough to modern marine systems to support a hypothesis that any general principles of marine community organization may have been established by the early Phanerozoic. Although the reconstructions presented here are methodologically incommensurate with those of Dunne et al. (2008), the Tethyan Mesozoic communities display significant structural variability.




4.2. Comparing modern and Mesozoic network structure

The Carnian ecosystem differed somewhat from the Anisian and Aptian, but it is likely that those differences stemmed from both the ongoing decline of Paleozoic functionality and its replacement by Mesozoic groups during the later Triassic, as well as the CPE, which our stage-level temporal resolution cannot currently resolve. The Bathonian ecosystem, however, is exceptional in several of its properties. Its significant differences from both the earlier Triassic and later Cretaceous systems is consistent with the MMR hypothesis that the Jurassic was a time of notable innovation, and ecological turnover and diversification (Vermeij, 2008; Close et al., 2015; Reeves et al., 2021). Those same properties that distinguish the Bathonian from the other Mesozoic data are not unique though. Comparison of the Mesozoic systems to a similarly high resolution modern coral reef system from Jamaica shows that in some respects, the Bathonian was remarkably modern (Figure 7).

There are several potential explanations for this. First, the Bathonian-modern similarity could be purely coincidental. Second, the similarity actually represents a type of marine community organization in which long food chains are supported by a diverse producer and primary consumer base. Moreover, the Aptian system, although structurally similar to the older Triassic systems, differs in several fundamental ways, including large bodied high trophic position vertebrate predators supported by high levels of omnivory, that is, feeding at multiple nodes along food chains (Pimm and Lawton, 1978). The Aptian may therefore also resemble some types of modern systems, for example open ocean systems dominated by large bodied cartilaginous and bony fish, and marine mammals, although that cannot be tested at present without commensurate reconstructions of putative modern analogs. Regardless of the support for either hypothesis, it is clear that there is structural and organizational variability of marine community networks.


4.2.1. The Bathonian, Aptian, and modern Jamaica

The data comprising the Jamaican trophic network represent an approximately 50 year time period ending in 2011 (Roopnarine and Hertog, 2012; Roopnarine and Dineen, 2018), which means that these data represent a system that was already heavily affected by human activity (O'Dea et al., 2020). In Jamaican ecosystems, anthropogenic stressors, including agriculture, coastal development, fishing, and climate change have together caused major declines in significant reef groups, such as corals, fish, and macroalgae (Gardner et al., 2003; Mora, 2008; Hardt, 2009). Powerful top predators from these systems have not been exempt, and denticle accumulation rates suggest a 71% decline in shark abundance since the mid-Holocene, and fast, pelagic sharks were particularly affected (Dillon et al., 2021). In the present study, we found that mostly large guilds of sharks and predatory fish in the Aptian were responsible for the higher proportion of short food chains relative to the Bathonian, and many large, predatory sharks have been largely extirpated from the modern reef community.

Given this, would a pre-anthropogenic reconstruction of the Jamaican trophic network remain similar to the Bathonian? Or would the addition of large top consumers drive the [image: image] slope for the modern community toward the Aptian by creating more short trophic chains? It is already established that human occupation of Jamaica had measurable effects on reefs even in pre-European times (Hardt, 2009). If a pre-anthropogenic reconstruction of the Jamaican food web that included larger groups of top predators still recovered a slope similar to the Bathonian, then this would imply that there are additional, significant controlling factors on short versus long chains other than primary production and top consumer size (Figure 8). Moreover, if a pre-anthropogenic Jamaican reef reconstruction did yield an Aptian-like slope, this would underscore the consensus that powerful top consumers are extremely important to ecosystem structure (Heck and Valentine, 2007; Heithaus et al., 2008; Shackell et al., 2010; Ritchie et al., 2012; Rodŕıguez-Lozano et al., 2015; Antiqueira et al., 2018). Although further work reconstructing a pre-human Jamaican reef trophic network would be needed to evaluate these hypotheses, these results point to a clear mechanism through which top consumers can mediate the stability of an ecosystem by affecting the structure of trophic interactions in a community.

Questions remain, but it is clear that there is a great deal of variation of the distributions of network trophic position and maximum chain length in natural communities, and these qualities are an important aspect of describing food web ecology and energy transfer for modern and fossil systems. The idea that powerful consumers play a central role in the communities in which they are embedded is not new. For example, the top-down effects of wolf reintroduction on riparian watersheds in Yellowstone national park are well recognized (Beschta and Ripple, 2016). But, does this transition represent a return to the pre-human state of this system, or a novel, human-influenced state that was stabilized with the reintroduction of a predator? In regards to the Jamaican reef system studied here, to what extent would recovery of shark diversity and abundance affect the [image: image] relationship? And do these slopes correspond to community functioning or stability? Future work elucidating the relationship between guild parameter distributions and community stability may be a promising avenue to assess community stability in a computationally tractable manner. Reconstructing a pre-human Jamaican food web, and comparing community structure and stability between the pre- and post-human reef communities would be necessary to resolve these questions.




4.3. Network perspectives on restoration

Ecosystems and their trophic structures, or patterns of interactions among species, are a result of the taxa present, the functions that they represent, and how richness is apportioned among those functions. Here we provide evidence that ecosystem trophic structure is also affected by enabling factors, such as primary production, and selective agencies, such as the activity of top consumers. Primary production may enable long chains by easing constraints of ecological efficiency in progressively longer food chains, while the activity of powerful, generalist consumers decrease the proportion of long chains in a network (Vermeij, 2013; Rosenblatt and Schmitz, 2016).

We propose that vigorous primary production in both the Bathonian and Jamaican systems enables trophic structure with a high proportion of long chains. This may initially appear inconsistent with the assumption that the primary producer base of an ecosystem is the sole determinant of the proportion of long chains in a network, as the [image: image] relationship of the Aptian community from the productive Cretaceous resembles the Anisian of the less productive Triassic. However, this is because the maximum body size of top consumers, not only primary production, has a significant effect on the amount of long versus short chains in a trophic network. For example, the Bathonian and Aptian experienced a level of planktonic diversity that was likely much higher than was experienced by ecosystems of the Triassic (Knoll and Follows, 2016; Benton and Wu, 2022). This high level of production enabled the presence of long chains, as observed in the Bathonian, but the novel presence of very large consumers in the Aptian lead to a greater degree of short chains, or trophic omnivory by top consumers, in this community.

This is an important finding for conservation because it has implications for how we understand community structure in modern systems: given the loss of large top consumers in the oceans today, what is the effect of the loss of these taxa on the balance of short versus long chains? Does a loss of large consumers necessarily lead to a loss of short food chains? It is possible that large body size necessitates participation in short food chains to achieve greater ecological efficiency and sustain larger body masses, but further work is required to evaluate this hypothesis. These lines of evidence taken together suggest that while the Aptian and Anisian had a similar balance of short and long chains, these communities were energetically distinct and likely functioned very differently from one another given the role of powerful top consumers in mobilizing and recycling nutrients in their ecosystems (Vermeij, 2019). Future work should focus on the specific effect that large, vigorous consumers have on community network structure and dynamics.

Results from this study supports the need for thinking framed around networks in future conservation efforts. Here we found that while the function of different guilds remained the same, their trophic position in networks was subject to variation depending on which other guilds were present in their system. This suggests that restoration, and specifically reintroduction and rewilding efforts, may be hampered because the trophic network from which a species was extirpated may be so altered by extinction, degradation, and other processes that the interactions that supported that species are weakened or totally altered. So even while restoring a species or their ecological function in an ecosystem may be the goal of a project, there may be complex mechanisms underlying why reintroduction is more difficult than expected. This necessitates a better understanding of how to restore interactions in order to restore important ecosystem functions in a community. Similarly, these findings underscore the importance of documenting previous ecosystem states (sometimes referred to as “baseline”) prior to undertaking restoration efforts.

Network thinking can also inform how we think about ecosystem restoration after the removal of a top predator or following an invasion event. Lionfish (i.e., Pterois sp.) are invasive mesopredators in Caribbean ecosystems that have broad diets that feed on a range of taxa and put additional pressure on food chains reducing abundance and diversity of native reef fish (Albins and Hixon, 2008; Green et al., 2012; Albins, 2015). Lionfish have been very successful invaders in the Caribbean and Atlantic, not least of all because they themselves have very few predators in these ecosystems and most of their fish prey fail to react to them as predators (Lönnstedt and McCormick, 2013). As discussed previously, many of the top predators (i.e., sharks) from the Caribbean have been over exploited since pre-European times. Therefore, it is possible that pre-European Caribbean reefs may have been more resistant to invasions by species such as the lionfish that are voracious predators, but are smaller and ecologically distinct from sharks. While lionfish are functionally similar to many other mesopredators in the Caribbean, such as reef sharks, they have a different effect on community structure because they do not have any predators (top down controls) exerted on them in this system (Arias-González et al., 2011; Diller et al., 2014). While it is beyond the scope of this study to advise specific conservation action, results from this study support investigating how apex predator extirpation in the Caribbean may have affected trophic network resilience to lionfish invasion.




5. Concluding remarks

Understanding the complexities of ecosystem structure alone will not inform conservation efforts as we face the mounting climate and biodiversity crises. But by evaluating how factors such as primary production and large consumers affect food web structure, and how food web structure determines system stability and therefore species persistence, scientists can begin to consider ecosystem restoration from a network-stability perspective. Ecological networks are inherently complex and simple questions regarding their variability, evolution and dynamics remain unsatisfactorily answered. Here we addressed both variability and evolution by reconstructing, describing and comparing four large-scale Mesozoic marine networks from a single oceanic basin, spanning more than 130 million years. We uncovered considerable variability wherein there are both general principles and notable exceptions. For example, three of the networks (Anisian, Bathonian, Aptian) display significant relationships between species body size and trophic position, with the relationship becoming weaker over time. The Carnian network, however, displays no such relationship. Networks also displayed variable levels of omnivory, as measured by the relationship between trophic position and food chain lengths. This in turn has implications for both the variability of available energy during the Mesozoic and evolutionarily changing abilities of energy fixation and flux through the networks. Given that the Bathonian network most closely resembles a reconstructed modern coral reef network, and that the Aptian was dominated by very large pelagic vertebrate predators, perhaps not dissimilar to some Neogene and modern systems, do comparable levels of variability exist among marine ecosystem networks today? And more broadly, how does community structure translate to functioning, stability, and resilience in marine systems? Clearly these questions can only be answered with increased documentation of modern networks, but our work suggests a positive answer, emphasizing the central role of biotic interactions and their system-level structures in effective species conservation and ecosystem persistence.
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To integrate paleoecological data with the “whole fauna” data used in biological monitoring, analyses usually must focus on the subset of taxa that are inherently preservable, for example by virtue of biomineralized hardparts, and those skeletal remains must also be identifiable in fragmentary or otherwise imperfect condition, thus perhaps coarsening analytical resolution to the genus or family level. Here we evaluate the ability of readily preserved bivalves to reflect patterns of compositional variation from the entire infaunal macroinvertebrate fauna as typically sampled by agencies in ocean monitoring, using data from ten long-established subtidal stations in Puget Sound, Washington State. Similarity in compositional variation among these stations was assessed for five taxonomic subsets (the whole fauna, polychaetes, malacostracans, living bivalves, dead bivalves) at four levels of taxonomic resolution (species, genera, families, orders) evaluated under four numerical transformations of the original count data (proportional abundance, square root- and fourth root-transformation, presence-absence). Using the original matrix of species-level proportional abundances of the whole fauna as a benchmark of “compositional variation,” we find that living and dead bivalves had nearly identical potential to serve as surrogates of the whole fauna; they were further offset from the whole fauna than was the polychaete subset (which dominates the whole fauna), but were far superior as surrogates than malacostracans. Genus- and family-level data were consistently strong surrogates of species-level data for most taxonomic subsets, and correlations declined for all subsets with increasing severity of data transformation, although this effect lessened for subsets with high community evenness. The strong congruence of death assemblages with living bivalves, which are themselves effective surrogates of compositional variation in the whole fauna, is encouraging for using bivalve dead-shell assemblages to complement conventional monitoring data, notwithstanding strong natural environmental gradients with potential to bias shell preservation.
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Introduction

Normalizing the application of paleoecological and other geohistorical data to the direct observations of living systems central to conservation biology is an important, oft-cited objective of conservation paleobiology (Dietl and Flessa, 2011; Kidwell and Tomašových, 2013). Biological monitoring programs are an important component of those observations and require consistent sampling methods, expert taxonomic training, and rigorous quality assurance procedures, especially where regulated by government agencies (e.g., Dutch et al., 2018). The standards for monitoring benthic communities typically include a wide taxonomic breadth (e.g., macroinvertebrate infauna), species-level taxonomic information, and precise numerical estimates of animal density (e.g., raw counts per taxon standardized to benthic area or sediment volume).

Paleoecological data are typically limited in comparability to such monitoring data in several ways. First, death assemblages – i.e., dead and discarded remains encountered during sampling for living individuals – and fully-buried fossil assemblages are almost always restricted to taxa that possess durable hardparts, such as calcifying mollusks, arthropods, and bryozoans. Under oxygenated waters, soft-bodied clades have low preservation potential, an effect that has rarely been fully quantified [but see the seminal analyses by Schopf (1978), Staff et al. (1986)]. Second, owing to fragmentation and other damage accrued during accumulation in the surface mixed layer, not all dead shell specimens are identifiable to the species level, requiring analytic coarsening to, for example, genus or family level (e.g., Kowalewski et al., 2003; Lloyd et al., 2012; Albano, 2014). Finally, some museum and sedimentary archives might only yield presence-absence (occurrence) data for species, in contrast to the numerical counts generated by bulk sampling, spurring efforts by paleontologists to upgrade data post hoc (e.g., Harnik, 2009; Close et al., 2018). Successful integration of paleoecological data with modern biological data thus requires confidence that assemblages of skeletal remains alone can serve as reliable proxies of the broader fauna targeted for study – usually the entire macrobenthos or at least its infaunal portion – and yield reliable versions of the biological metric of interest (e.g., richness, compositional variation, trophic structure).

Fortunately, the challenges that these three limitations place on the reliability of paleoecological data are directly analogous to well-studied issues of “surrogacy” in the biomonitoring literature (Moreno et al., 2007). This term encompasses an array of techniques aimed to reduce the cost (time, labor) and/or expertise required to process biological samples while still attaining adequate biological insights. That is, referring to our challenges above, acquiring an accurate or sufficient picture when only a subset of clades can be sampled, when species-level resolution might not be possible, and/or when numerical abundance is not necessarily trustworthy. Surrogacy falls broadly into two categories (Table 1). “Sufficiency” refers to coarsening the detail of information collected, either via “taxonomic sufficiency” sensu (Ellis, 1985; aggregating species-level data into higher taxonomic ranks, functional guilds, etc.) or via “numerical sufficiency” (simplifying organismal counts into ranked abundances, categorical abundances, or simply presence-absence data). “Subsetting” on the other hand refers to narrowing the scope of information, for example by focusing on a “taxonomic subset” (a singular clade, functional guild, or other group of interest) or on a “numerical subset” of the whole fauna (e.g., the first 100 individuals picked from the sample, as is common in micropaleontology). Other forms of surrogacy include “cross-taxon” approaches in which one group of taxa serves as a proxy for another, completely independent group (Mellin et al., 2011; Gladstone et al., 2020). A death assemblage, which is not part of the living fauna, could be considered a cross-taxon surrogate that is also a temporally coarser sample than the corresponding living assemblage. Surrogacy methods have been the subject of many tests for macroinvertebrate communities from marine (Warwick, 1988; Ferraro and Cole, 1992; Włodarska-Kowalczuk and Kêdra, 2007; Bevilacqua et al., 2009), freshwater (Jones, 2008; Mueller et al., 2013; Heino, 2014), and terrestrial settings (Pik et al., 1999; Timms et al., 2013; Souza et al., 2016). Several studies have examined the sensitivity of surrogacy techniques on compositional variation in the fossil record (e.g., Pandolfi, 2001; Forcino et al., 2012; Zuschin et al., 2017), on the faithfulness of dead-shell assemblages to their living counterparts (e.g., Albano et al., 2016), and on the preservation of broader macrofaunal patterns by the preservable subset (Tyler and Kowalewski, 2017).


TABLE 1    Terminology of different types of taxonomic surrogacy as defined in this study.
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Here, we evaluate the individual and interacting effects of three surrogacy methods – taxonomic sufficiency, taxonomic subsetting, and numerical sufficiency (Table 1) – as well as the effects of data transformation, using an infaunal macrobenthic dataset from ten sediment monitoring stations in Puget Sound, Washington State. Spanning 25 classes and 15 phyla, the numerical, species-level data were generated as part of a regional, state-mandated monitoring program of sediments, conducted under strict standards for processing and taxonomic consistency (Dutch et al., 2018). Bivalve death assemblages were rescued from the same sediment grab samples processed for living assemblages, permitting us to directly test the comparability of the preservable subset of the fauna with the whole fauna, including the live-dead agreement of the bivalve subset of that fauna. Long-term biomonitoring has demonstrated that these ten subtidal sites have been remarkably stable in community composition on this regional scale: scatter in ordination space produced by temporal variation over the last three decades is small relative to the separation among stations, despite other evidence of overall deteriorating conditions across Puget Sound (Partridge et al., 2018). This tension of compositional stability, and the possibility of using death assemblages for insights into community states before the onset of monitoring, motivated this collaboration: the test of shelly fauna as surrogates of the whole fauna is an important first step both in assessing the reliability of fossil data for local use and developing a protocol for wider application.



Materials and methods


Study area

Puget Sound is a fjordic estuarine system in Washington State that, along with the Strait of Georgia and Strait of Juan de Fuca, makes up the Salish Sea (Figure 1), and was formed by the southernmost lobe of the Cordilleran Ice Sheet during the Fraser and Vashon glaciations (∼20–15 ka; Booth, 1994). Puget Sound is the second-largest estuary in the United States by area (2,600 km2) after Chesapeake Bay (11,600 km2), but has considerably greater mean and maximum water depths (140 and 280 m, respectively) than Chesapeake Bay (7 and 53 m) and accommodates ∼250% more water by volume. Macrotidal flushing from the Sound through the Strait of Juan de Fuca to the Pacific Ocean facilitates the import of cold bottom-waters that circulate into major basins of the Sound, with the result that sediment-dwelling macrobenthos encounter fully saline, oceanic waters notwithstanding freshwater-influenced surface lenses (Moore et al., 2008). This flushing is complicated, however, by a series of narrow, silled chokepoints between basins that slow the circulation of water considerably toward the terminal ends of the Sound (Khangaonkar et al., 2011; but see MacCready et al., 2021). The numerous coastal inlets and deep basins within the greater Puget Sound area (US waters of the Salish Sea, henceforth “Puget Sound” for brevity) thus provide a complex array of intertidal, shallow subtidal, and deep subtidal habitats in a hydrographic estuary, with diverse sediment facies and naturally variable hydrologic conditions (e.g., dissolved oxygen, salinity). The Sound also reflects a complex pattern of development in adjacent watersheds, which range from rural to suburban, industrial (historically ore, forestry, military), and densely urbanized cities such as Seattle and Tacoma (Figure 1).
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FIGURE 1
Map of the ten sampling station locations in the greater Puget Sound area, Washington State. Station identification numbers generally increase southwards. Inset images: a van Veen grab with sampled sediment and living organisms (top) and processed residue containing dead bivalve shells (bottom). Photos by ECY and B.S. Kokesh, respectively. Scale bar for dead shell photo = 5 cm.


Benthic macroinvertebrate communities in Puget Sound have been relatively well-documented since the 1960s by a combination of academic (Lie and Evans, 1973), federal (Nichols, 2003), and, over the last 30 years, state agencies (Dutch et al., 2018). Since 1989, ten “sentinel” stations located across Puget Sound have been monitored by the Marine Sediment Monitoring Team at the Washington State Department of Ecology (ECY), focusing on benthic communities, sedimentology, and chemical contaminants as part of the Puget Sound Ecosystem Monitoring Program (PSEMP; Table 2). These ten sentinel stations were selected from a larger set of stations sampled until 1995 because they represent distinct habitats from which distinct benthic communities were observed. PSEMP data reveal long-term declines in benthic condition based on a “sediment quality triad index” that uses community composition (whole fauna), sediment toxicity (using echinoid fertility and amphipod mortality tests), and a suite of chemical contaminants (Long and Chapman, 1985). However, causal mechanisms for this decline have been difficult to identify (Partridge et al., 2018; Weakland et al., 2018). The PSEMP protocol has thus recently been revised to assess a broader suite of variables including macroinvertebrate biomass, nutrients, and stable isotopes to investigate additional possible stressors (Dutch et al., 2018). The overall decline in Puget Sound benthic quality detected by PSEMP since 1989 involved increased toxicity despite no change in contaminant levels, and significant declines in richness and total invertebrate abundance in several areas within the large network of sites (Partridge et al., 2018). However, the annually-sampled set of ten sentinel sites used here exhibited relative stability over this period, despite strong fluctuations in different taxa at different sites: habitat-level differences in sediment grain size and water depth are the strongest correlates of community composition, with date of sampling a secondary and much smaller effect (Figure 7 in Partridge et al., 2018).


TABLE 2    Description of monitoring stations.
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Data preparation

The dataset of living assemblage composition used here comes from ECY samples acquired in the years 2017 and 2018, aggregated to achieve adequate sample sizes, at each of ten, long-established monitoring stations in Puget Sound (Figure 1), using the entire living macroinvertebrate community (henceforth “whole fauna”). Sampling followed the Puget Sound Estuary Protocol (Puget Sound Estuary Program [PSEP], 1987), which is standard among many agencies along the US Pacific Coast. Samples were collected using a 0.1-m2 van Veen grab with a minimum sediment penetration of 5 cm (Puget Sound Estuary Program [PSEP], 1987). Sediments were sieved through 1-mm mesh on deck with seawater, fixed in 10% formalin, and then exchanged into 70% ethanol within 3–7 days. ECY taxonomists sorted and identified all invertebrates to the species level, when possible, with reference to a library of voucher specimens; coordination with taxonomists at other agencies in the Pacific US (SCAMIT, 2021) has also contributed to taxonomic consistency.

Dead bivalves were sorted from the dried sediment residue of two years of benthic samples at the same sites collected in the years 2018 and 2019: the death assemblage had not been saved from the 2017 samples and the living whole fauna from 2019 was not yet available. This sediment residue is typically discarded by agencies after living macroinvertebrates have been removed. All bivalve shells with an identifiable hinge were counted as individuals, whether the valve itself was whole or fragmented, and were identified taxonomically to the finest resolution possible. Each fully disarticulated valve or hinge fragment was considered as coming from a different living individual, following the reasoning of Gilinsky and Bennington (1994) and standard protocol for live-dead analysis of mollusks of Kidwell (2009): no correction for the number of skeletal units per living individual (e.g., Kowalewski and Hoffmeister, 2003) was needed because only bivalves were considered. However, to avoid any implicit equating of the population-density of living bivalves with time-averaged abundance data, we used proportional abundances rather than raw counts in all analyses unless otherwise indicated.

From the original whole-fauna dataset, new species-level abundance tables were extracted analytically for polychaetes, malacostracans, and bivalves. A fifth table was produced using species-level abundance data from the rescued dead-shell assemblages. Species from each of these five tables were then coarsened to create abundance tables for genera, families, and orders. Each abundance table was then subjected to four different data transformations that successively reduced the influence of dominant taxa and increased the influence of rare taxa: non-transformed proportional abundances, square-root transformed, fourth-root transformed (the preferred transformation adopted by ECY and widely used in surrogacy studies; Partridge et al., 2018), and binary presence-absence. While the first three of these transformations preserve the abundance structure of the data, presence-absence represents a true test of numerical sufficiency as it does not rely on knowledge of the underlying count data. We note that other transformations commonly applied to ecological data, such as log and arcsine, could also have been tested. Our focus on the series x1, x1/2, x1/4, and x0 instead allowed us to measure the effects of progressively severe transformations – increasing deviation from the original abundance structure – using the same mathematical operator. A log transformation should moreover not be judged a priori as more or less severe than an n-root transformation (although log(x + 1) has been argued to have equivalent effects on the similarities between samples as x1/4; Clarke and Warwick, 2001), whereas we can be confident that fourth-root transformed data will always be less correlated to non-transformed data than will be square-root transformed data. Additional transformations that would qualify as methods of numerical sufficiency, such as semi-quantitative ordinal abundances (e.g., common, rare), were not assessed because the number of ordinal categories and their abundance ranges are largely at the discretion of the investigator.

Distance matrices for each of these surrogate abundance tables were generated using Bray–Curtis dissimilarities (Jaccard in the case of presence-absence) among the ten monitoring stations. This work produced 80 distance matrices (5 subsets × 4 resolutions × 4 transformations), with 79 of these serving as “surrogates” of the original benchmark matrix (proportional abundances at the species level for the whole fauna).



Data analyses

Richness (the raw count of taxa), abundance (raw number of individuals), and evenness (abundance distribution among taxa) for each surrogate dataset were calculated both at the station scale (i.e., at each of the 10 stations) and at the regional scale, that is, after aggregating station-level abundances together. Richness values were converted into the ratio of higher taxa over the number of species (T/S) for genera (G/S), families (F/S), and orders (O/S). T/S values range from >0 to 1, with 1 indicating that all members of the higher taxon are monospecific. Abundance values were converted into the ratio of the abundance of individuals in the subset over the abundance in the whole fauna (N/W). N/W values range from >0 to 1; a value of 0.5 would indicate that the subset represents 50% of all individuals in the whole fauna. We expressed evenness as the probability of interspecific encounter (PIE; Hurlbert, 1971), which is relatively insensitive to sample size and richness > ∼5 (Olszewski, 2004). PIE values have a potential range from 0 to 1, with 1 indicating a perfectly even community (same number of individuals per taxon) in which individuals of any species are equally likely to be randomly sampled. T/S, N/W, and PIE were compared among surrogate datasets using the regional-scale values and the medians and interquartile ranges (IQR) of station-scale values.

Spearman rank correlation coefficients (ρ) between all pairwise combinations of Bray–Curtis distance matrices were calculated and tested for significance using Mantel tests with 999 permutations (Mantel, 1967). Coefficients can range from -1 to +1. A pairwise correlation of + 1 would indicate that the Bray–Curtis distances among stations for two surrogate datasets are in perfect rank order: put another way, the two surrogates would produce identical non-metric multidimensional scaling ordinations (NMDS). We assessed the effects of each surrogacy method (see Table 1) on the perception of compositional variation among sites by evaluating ρ values varied by treatments among the full set of pairwise comparisons. First, taxonomic sufficiency was evaluated using the ρ values generated by comparing matrices of species-level data with those for higher taxa while holding both the subset and data transformation level constant. Second, taxonomic subsetting was evaluated by using the ρ values generated by comparing the whole fauna and each surrogate subset while holding both the taxonomic resolution and data transformation level constant. Third, the effects of data transformations (and numerical sufficiency in the case of presence-absence data) were evaluated using the ρ values generated by comparing matrices based on proportional abundances with those based on more severe data transformations while holding both taxonomic resolution and subset constant. Finally, the composite effect of all three surrogacy methods was evaluated using ρ values generated by comparing the original dataset (species-level whole fauna using proportional abundances) to all surrogate matrices.

In a procedure known as a second-stage analysis introduced by Somerfield and Clarke (1995), pairwise ρ values were themselves compiled into distance matrices by rescaling ρ such that Dρ = (1 – ρ)/2, where Dρ is the distance between two surrogates (see Figure 2 for schematic diagram and Supplementary material for example code). A coefficient of perfect correlation (ρ = +1) thus corresponds to a Dρ = 0. The new distance matrices were then used to generate “second-stage” NMDS. Each point in this ordination represents an entire surrogate’s distance matrix, not the positions of individual samples that are plotted by first-stage, “conventional” ordinations. The more closely that two points plot to each other, the higher their pairwise ρ value relative to that with other surrogates. Second-stage NMDS was performed separately for each of the five taxonomic subsets (16 matrices each subset, i.e., 4 resolutions × 4 data transformations) and then re-run to combine all 80 surrogates simultaneously. Differences between the multivariate means of all surrogates grouped by taxonomic resolution, subset, and data transformation were tested using 1-way analysis of similarity (ANOSIM; Clarke, 1993) based on the ranked distances of the matrix used to generate the combined second-stage NMDS. To test whether patterns observed from the combined second-stage NMDS were consistent across the 30-year time series of available community data, we repeated analyses for each 2-year aggregation of the living community calculating the correlation of each of those resulting second-stage distance matrices to the same, most-recent living community (2017–2018).
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FIGURE 2
Schematic diagram of the procedure used to quantify inter-matrix correlations and produce second-stage NMDS among surrogate matrices. Starting with data tables for the same set of samples based on different combinations of taxa and numerical transformation, Bray–Curtis distance matrices are generated. These matrices can then be used to directly compute first-order ordinations (where points represent each sample, site, etc.) as typically performed. Correlation coefficients (ρ) calculated between each pair of distance matrices are computed into a distance between matrices (e.g., ρAB in blue is converted to DistAB). These distances are then assembled into a matrix used to compute second-stage ordination (where points represent different surrogate matrices). In the hypothetical example above, the locations of samples 1–5 in the first-stage NMDS plots for data tables A and B are more similar to each other than in C. Thus, the location of matrix C is strongly separated from matrices A and B in the second-stage NMDS plot. After Somerfield and Clarke (1995).


All analyses were conducted in the statistical environment R version 4.2.0 (R Core Team, 2022).




Results


Structure of the macrobenthic fauna

The whole macrobenthic fauna acquired during the two annual samplings of 2017 and 2018 comprised 22,713 individual organisms drawn from 319 species, 240 genera, 146 families, 74 orders, 25 classes, and 15 phyla (Table 3). Polychaetes were the most abundant (4,817 individuals, 43% of the whole fauna) and diverse class (157 species, 49% of the whole fauna). Malacostracans were second in diversity (61 species, 19% of the whole fauna), but third in abundance (433 individuals, 4% of the whole fauna). Bivalves were third in diversity (33 species, 10% of the whole fauna), but second in abundance (4,367 individuals, 39% of the whole fauna). Dead bivalves acquired from annual samples in 2018 and 2019 comprised 5,337 individuals and 43 species.


TABLE 3    Summary of regional-scale macrobenthic community measures divided by taxonomic sets and resolutions.
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T/S ratios predictably and significantly declined from genera to orders based on visual separation of IQRs (top row, Figure 3). Trends in T/S for the whole fauna and polychaetes steadily declined to ratios of 0.23 and 0.12, respectively. Malacostracans had a notable decline between families (0.59) and orders (0.11). Living and dead bivalves had similar station- and regional-scale patterns and declined less strongly than did other subsets and the whole fauna. Polychaetes, living bivalves, and dead bivalves had similar regional-scale N/W ratios (middle row, Figure 3). Note that N/W ratios do not change at different taxonomic resolutions, because the same number of individuals are used regardless of the resolution assessed. PIE values at the station- and regional-scale were higher and less variable for the whole fauna and polychaetes compared to malacostracans and bivalves and exhibited scant differences among taxonomic resolutions (bottom row, Figure 3). Regional-scale PIE values for malacostracans were high from the species to family levels (>0.9), but declined for orders (0.8). Living and dead bivalves had the lowest PIE values at the regional-scale (<0.8), and exhibited no significant differences among taxonomic resolutions.
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FIGURE 3
Univariate community metrics measured for surrogate assemblages at each station. Top row: richness ratios as the number of supraspecific taxa to the number of species (T/S). Middle row: abundance ratios as the number of individuals for each set over the number of individuals from the living whole fauna (N/W). Note the different vertical scale for dead bivalves. Bottom row: evenness as the probability of interspecific encounter (PIE) using proportional abundance data. Black circles are values calculated when data from all stations are aggregated. Boxplot whiskers extend to 5th and 95th percentiles. S, species; G, genera; F, families; O, orders.




Effects of surrogacy techniques

Focusing on the effect of taxonomic sufficiency (see Table 1): Spearman ρ values between a distance matrix based on species-level data and those based on higher taxonomic resolutions varied by subset but were minimally affected by data transformation (top row, Figure 4). All surrogate matrices of the whole-fauna had a strong correlation (>0.8) with their species-level version. For polychaetes, genera had strong correlation to species, but ρ values dropped for families and orders. Correlations also declined strongly with taxonomic resolution for malacostracans, with ρ values for orders ranging from 0.25 to 0.6, depending on the severity of data transformation. Living bivalves had strong correlations up to the family level, but then declined slightly for orders. Finally, dead bivalves had strong correlations with their species-level version at all taxonomic resolutions, although ρ values notably declined at the genus level using proportional abundance data. All correlations were significantly positive based on Mantel permutation tests (p < 0.05).
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FIGURE 4
Spearman coefficients (ρ) for inter-matrix correlations representing the effect of each surrogacy method defined in this study. White-filled icons indicate correlations that were not significantly different from zero (p > 0.05). Top row: each matrix is compared to its species-level equivalent to test for taxonomic sufficiency. Correlations decline as the surrogate’s resolution decreases. Second row: each matrix is compared to its whole-fauna equivalent to test for taxonomic subsetting. Correlations are strongest for polychaetes, moderate for bivalves, and poor for malacostracans. Third row: each matrix is compared to its proportional abundance (minimally-transformed) equivalent to test for numerical sufficiency. Correlation strength consistently decreases with increased severity of data transformation. Bottom row: each matrix is compared to the species-level whole-fauna dataset using proportional abundances (the “full” original dataset) to test for the combined effect of all three surrogacy methods. S, species; G, genera; F, families; O, orders.


Concerning the effect of taxonomic subsetting, Spearman ρ values between the whole fauna and the four taxonomic subsets demonstrated that polychaetes were the strongest surrogate for most levels of taxonomic resolution and data transformation (second row, Figure 4). Living and dead bivalves exhibited moderate ρ values to the whole fauna, and malacostracans were notably weak surrogates for all resolutions and data transformations (all ρ < 0.4). Most surrogate matrices for malacostracans were not significantly correlated to their whole-fauna counterparts.

Concerning the effect of numerical sufficiency, Spearman ρ values between a matrix of proportional abundance data and all other transformations of that same subset and resolution demonstrated consistent weakening of correlation with increased severity of data transformation (third row, Figure 4). Generally, square-root-transformed data were strongly correlated to proportional abundance data, whereas fourth-root-transformed data and presence-absence data each decreased correlations detectably. Correlations using presence-absence data for living and dead bivalves were particularly low, with several species- through order-level comparisons not significantly different from null.

For the composite effect of all three surrogacy methods, i.e., Spearman ρ values for comparisons with the original dataset, all three methods had detectable effects (bottom row, Figure 4). Surrogates using polychaetes had strong to moderate ρ values for all resolutions and data transformations. Surrogates using malacostracans exhibited the weakest correlations, most of which were not significantly different from zero. Surrogates using living and dead bivalves were moderately correlated with the original dataset except when using presence-absence data.



Comprehensive patterns of inter-matrix correlations

For each taxonomic subset, second-stage NMDS plots of inter-matrix correlations – where points separate according to the distinctness of surrogate datasets, not samples within a surrogate dataset – all produced ordinations in which the axes were primarily reflections of the effects of taxonomic and numerical sufficiency (top row, Figure 5). The first NMDS axis for the whole fauna, living bivalves, and dead bivalves was ordered by the severity of data transformation (proportional abundances to presence-absence) from left to right. The second NMDS axis for these three sets generally defined a gradient of taxonomic resolution, with species and genera at the negative end of the axis (bottom of plots) and families and orders at the positive end (top). Polychaetes and malacostracans exhibited a “fanning-out” pattern such that species-level matrices were positioned in the lower right quadrant of each plot and higher taxa of different data transformations progressively spread out toward the left.
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FIGURE 5
“Second-stage” NMDS ordinations of inter-matrix correlations based on Bray–Curtis distances. Top row: ordinations for each taxonomic set, demonstrating how matrices based on different taxonomic resolutions (species to orders) and data transformations (proportional abundances, %, to presence-absence, P/A) plot along two ordination axes. Bottom row: combined second-stage NMDS with surrogate matrices from all taxonomic sets. Matrices using the whole fauna cluster near those using polychaetes, with living and dead bivalves adjacent. Matrices using malacostracans strongly separate from the others. Data transformation severity also follows the second NMDS axis for all sets except malacostracans. The effect of taxonomic resolution on defining ordination space is weak, as matrices from the same set and based on the same transformation cluster tightly. S, species; G, genera; F, families; O, orders.


For the combined second-stage NMDS – where all points (surrogate datasets) are displayed in a shared ordination space – the first NMDS axis was reflected by clusters of taxonomic sets (bottom row, Figure 5). From left to right, living bivalves, dead bivalves, polychaetes, and the whole fauna were only slightly separated from each other at the negative end of the axis, whereas malacostracans plotted on the positive end of the axis, far from all other subsets. The second NMDS axis reflected a gradient of data transformation severity, with matrices based on proportional abundances plotting at the negative end and those based on presence-absence plotting on the positive end. This gradient along the second NMDS axis was apparent for all sets except malacostracans: their matrices as differentiated by taxonomic resolution (i.e., same set and data transformation) formed tight clusters with no apparent directionality. ANOSIM tests of inter-matrix differences in correlations (Table 4) corroborated the visual patterns from second-stage NMDS. Differences among matrices were significant based on taxonomic subset (R = 0.74, p < 0.001) and much less strongly so for data transformation (R = 0.08, p = 0.003). Differences among matrices based on taxonomic resolution were not significant (Table 4).


TABLE 4    Summary of analysis of similarity results testing for the relative effect of different surrogacy methods on the variation of inter-matrix correlations among surrogates.
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Finally, rerunning the second-stage NMDS analyses for all two-year sets of the living assemblages drawn from the full 30-year time series produced the same overarching pattern as described in detail above for the 2017–2018 set of living assemblages. Polychaetes were always the strongest surrogate subset of the whole fauna, followed by bivalves, and trailed by poorly-performing malacostracans. Importantly, in each of these replicate tests, the distance matrices produced by bivalve death assemblages collected in 2018–2019 were consistently congruent with those of living bivalves. The consistency of results across the 30-year time series is summarized succinctly by high correlation coefficients (ρ ≥ 0.8) between second-stage distance matrices produced using older sets of living assemblages and that produced using the 2017–2018 set (Figure 6).
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FIGURE 6
Spearman coefficients (ρ) for correlations between second-stage distance matrices using the 2017–2018 set of living assemblages and those using available 2-year sets from earlier in the 30-year community time series. Mean and standard deviation for the entire set of 2-year comparisons are in the upper left corner. Spearman ρ values are high (≥∼0.8) across the entire time series, indicating that patterns generated the 2017–2018 dataset described in greater detail above have been consistent for the Puget Sound benthos over at least the past 30 years.





Discussion

The aim of this study was to assess the ability of three surrogacy methods – all commonly adopted to streamline sample processing – to predict the original inter-station compositional distances exhibited by the whole fauna. Are the compositional distances among stations observed using species-level data for the whole fauna retained when data are coarsened to genus or higher resolution, and/or transformed toward presence-absence, and/or subsetted to focus on a single class? In addition, how closely does the local dead-shell assemblage (and its surrogates) mirror the counterpart dead bivalve subset of the whole fauna, relevant to using this usually-discarded part of benthic samples for insights into ecological history? Methods of surrogacy were evaluated for both their individual effects and their effects in various combinations, and they were applied to the class Bivalvia using both living and dead-shell-based data. Importantly, our analyses assess the ability of surrogates to preserve compositional distances among stations over a regional scale: we do not assess the ability of surrogates to detect a known spatial or environmental gradient (i.e., contrary to Tyler and Kowalewski, 2017, and Kokesh et al., 2022) nor their power when formulated as benthic quality metrics (e.g., Tweedley et al., 2014; Dietl et al., 2016; Pruden et al., 2021).

Our analyses could be improved by including additional monitoring stations despite the wide range of depths and substrates the dataset encompasses within Puget Sound (Table 2). However, counterpart analyses of the ability of surrogates to capture regional patterns are definitely needed in other study systems, the better to assess the power of surrogates on local scales, including the generality of the results here. Our discussion focuses on directions needing additional research and some ways to accelerate that progress, such as focusing analyses on gradients in clearly important biological factors, such as the number of species per higher taxon, relative abundances of subset clades, and community evenness.


Taxonomic sufficiency: Coarser resolutions are effective surrogates

Variation in compositional distances among stations was reliably preserved despite the coarsening of taxonomic resolution using most taxonomic subsets – i.e., all correlations were significant – even though ρ values did decline with increased coarsening (first row, Figure 4). These results corroborate the findings of numerous earlier studies that inter-matrix correlations do decline with increased taxonomic coarsening (Olsgard and Somerfield, 2000; Włodarska-Kowalczuk and Kêdra, 2007; Bertasi et al., 2009; Bevilacqua et al., 2009) and that family-level identification generally provides a suitable approach to taxonomic surrogacy for the whole fauna (Jones, 2008; Heino, 2010; Pitacco et al., 2019). We found that family-level data were comparable to genus-level data for both living and dead bivalves, even though the level of comparability was weaker than genus-level data for polychaetes and malacostracans. The observed variation among subsets in their robustness to taxonomic coarsening suggests that one should test their retention of power prior to enacting this surrogacy method into practice. In addition, taxonomic sufficiency is a relatively conservative surrogacy method compared to taxonomic subsetting (see next section), as demonstrated here via second-stage NMDS (Figure 5) and discovered earlier by Mellin et al. (2011) using meta-analysis.

The declining power of surrogates with taxonomic coarsening observed here is likely related to the packing of species into higher taxa (e.g., Heino and Soininen, 2007; Bevilacqua et al., 2012; De Oliveira et al., 2020). We found that the decline of ρ values with coarsening resolution (top row, Figure 4) was commensurate with declines in the T/S ratio (top row, Figure 3). Others have postulated that a T/S ratio ≥0.4 (also reported as a S/T ratio ≤2.5) signals that the higher taxon will be able to sufficiently mirror patterns among samples detected using species-level data (Timms et al., 2013). That approximate value has also been identified as a threshold in other systems (Albano et al., 2016; Kokesh et al., 2022). This study thus adds support for the growing consensus that there exists a minimum T/S ratio above which higher taxa are likely to be effective surrogates for species-level patterns, providing a rapid means of predicting success, although this threshold might vary among biological systems (Heino, 2014).

Relevant to the paleoecological potential of taxonomic sufficiency, our finding of particularly strong correlations of species to higher taxa of dead bivalves at multiple resolutions supports the common practice of evaluating fossil assemblages at the resolution of genera or families: such coarsening produces compositional patterns similar to those of species-level information, as also found by others using exclusively fossil data (Forcino et al., 2012; Zuschin et al., 2017). The persistence of live-dead patterns in Puget Sound despite this small magnitude of taxonomic coarsening on live-dead patterns has also been recognized elsewhere (e.g., Albano et al., 2016). We suspect, however, that the power of taxonomic sufficiency will vary over space and time in both modern and ancient faunas, including a likely latitudinal gradient. For example, S/G ratios of living bivalves are particularly high in the tropics and low in boreal settings (Krug et al., 2008), both regions where relatively few sufficiency tests have been conducted compared to mid-latitude settings.



Taxonomic subsetting: Well-represented subsets are effective surrogates

Subset clades exhibited disparate strength as surrogates for the whole fauna, but polychaetes were the most powerful (second row, Figure 4), as has been found in numerous tests of class-level subsets in marine benthos (Olsgard et al., 2003; Włodarska-Kowalczuk and Kêdra, 2007; Kokesh et al., 2022). This high fidelity of polychaetes is usually attributed to their comprising the majority – sometimes the overwhelming majority – of individuals and species richness in soft-sedimentary seafloors. However, polychaetes were closely followed in Puget Sound by bivalves, both alive and dead, in total abundance and were very distantly trailed by malacostracans despite this group being second-ranked in richness in the Puget Sound regional dataset (second row, Figure 4). In general, taxonomic subsetting has been generally found to be less effective, reliable, and/or consistent as a method of surrogacy than has taxonomic sufficiency (coarsening), based on other studies using the same clades as examined here (e.g., Włodarska-Kowalczuk and Kêdra, 2007; Bevilacqua et al., 2009; Mellin et al., 2011; Gladstone et al., 2020; Kokesh et al., 2022). Nonetheless, given the observed variation among subsets in their robustness to taxonomic coarsening, we would suggest that the ability of a subset to preserve whole-fauna patterns be assessed prior to putting this (or any other) surrogacy method into practice. Thus, although the results here are very positive for bivalves in particular, both alive and dead, their reliability should be tested locally prior to formalizing surrogacy in a protocol. Such tests could repeat the same methods described here but use a limited number of stations or a single historic survey to produce a benchmark whole-fauna matrix for assessing the reliability of subsets.

Additional research is also needed to identify the biological properties of taxonomic subsets that convey reliable surrogacy power: these determinants are underexplored compared to those that allow a subset to retain power despite coarser resolution (previous section). One promising attribute is the proportional abundance of the subset within the whole fauna (e.g., Dietl et al., 2016). For example, we found that taxonomic subsets declined in ρ values (second row, Figure 4) congruent with declines in their median station-scale abundance within the whole fauna (N/W; middle row, Figure 3): polychaetes (highest N/W) were a more powerful surrogate subset of the whole fauna than were either living or dead bivalves, which were both more reliable than malacostracans (lowest N/W). Malacostracans are represented by more species than bivalves in this dataset, but the potential leverage of that diversity apparently cannot compensate for their low station- and regional-scale abundances. Thus, the ability of taxonomic subsets to serve as effective surrogates appears to be, at least partially, a function of their relative abundance rather than their absolute or proportional richness in the whole fauna. It would be worthwhile to explore whether some minimum threshold N/W exists that determines the utility of taxonomic subsets as surrogates, even though this threshold might vary among biological systems (especially as a function of community evenness or S/G ratios).

From this single test in Puget Sound, it is difficult to determine the importance of the (quite large) sample size of dead bivalves (N = 5,337) on their performance as a surrogate. Dead bivalves are not technically a subset of the living fauna but rather a cross-assemblage surrogate of much coarser temporal scale. Moreover, their raw abundance might be genuinely biased upward relative to the raw abundance of living bivalves due to our counting disarticulated valves, although that effect on outcome is minimized by our using proportional abundance data. Nevertheless, the high compositional congruence between living and dead bivalves in Puget Sound, as judged by their overlapping clusters in ordination space (bottom row, Figure 5), indicates that bivalve death assemblages have a power similar to that of living bivalve subsets for recognizing compositional variation in the whole fauna, that is, for serving as surrogates of the whole fauna (see section “Bivalve live-dead agreement and taphonomic caveats” below).



Numerical sufficiency and data transformation: The importance of abundance data

We found that the severity of data transformation had a much larger effect on the strength of different surrogates than did the coarsening of taxonomic resolution (third row, Figure 4). Increasing the severity of data transformation resulted in sequential declines in correlation with the original proportional abundances regardless of taxonomic (sub)set or resolution, and downgrading abundance to presence-absence data had a particularly strong impact for both living and dead bivalves, resulting in correlations that lacked statistical significance. Although matrices based on different data transformations were notably separated in second-stage NMDS space (Figure 5), these effects were small compared to differences created by taxonomic subsetting (Table 4).

Ecologists commonly transform data from their original, raw counts in order to better meet the assumptions of univariate tests (usually an assumption of normality; St-Pierre et al., 2018). All such transformations (other than proportional abundance) diminish the influence of dominant taxa on compositional patterns and specifically amplify the role of rare taxa. Effectively, this operation artificially inflates the evenness of a community. Like the predictive power of T/S for taxonomic sufficiency discussed above, the evenness of the raw count or proportional abundance data matrix of a surrogate will determine the extent to which data transformation will alter its composition. For example, the relatively low PIE values (low evenness) observed for bivalve living and (especially) death assemblages here (bottom row, Figure 3) indicate that data transformation should have a particularly large effect, leveling the initially uneven effect of dominant and rare species on composition until, with the extreme of presence-absence data, all species have equally-abundant taxa (PIE = 1). For bivalves in Figure 4 (right two columns), data transformation in fact does have a strong effect, accompanied by large decreases in ρ. In contrast, the whole fauna and polychaetes both had high PIE values relative to bivalves (and malacostracans), and their correlation (resemblance) to the original fauna were much less affected by data transformation, although not immune to it (Figure 4). The particularly large decline in ρ values for bivalves (and for order-level malacostracans; Figure 3) appears to correspond to an outsized response to data transformation by assemblages having relatively low evenness (PIE < ∼0.6). Thus, PIE values for a surrogate’s raw count data can likely serve as an easily-acquired first-order predictor of the magnitude of effect that data transformation will have on community patterns.

Although square-root and fourth-root transformations are commonly employed for biological data analyses (e.g., Thorne et al., 1999; Clarke and Warwick, 2001; Dethier and Schoch, 2006; Domínguez-Castanedo et al., 2007; Vijapure and Sukumaran, 2019), these particular transformations do not themselves constitute true surrogates: they still require that someone generated the underlying original abundance data. In contrast, ranked-abundance (stepwise integers), ordinal abundance data (e.g., “rare,” “common,” “very common,” etc.), and presence-absence data do represent methods that reduce effort during the data collection, and thus are all potential surrogacy techniques (e.g., Carneiro et al., 2010; Landeiro et al., 2012). It should be noted that using numerical sufficiency as a surrogacy method comes at the cost of reducing the range of possible analyses. For example, richness and binary distance metrics like Jaccard similarities can be assessed accurately, but abundance-based metrics such as rarefaction, similarity percentages (SIMPER; Clarke, 1993), and evenness and dominance metrics are no longer viable. The objectives of a study or monitoring program, the pre-determined scope of analytical methods, and the results from preliminary tests of consistency among data transformations thus should all be considered in order to determine whether the implementation of numerical sufficiency is acceptable.



Bivalve live-dead agreement and taphonomic caveats

Compositional variation in bivalve death assemblages among the ten Puget Sound stations, where the whole fauna is documented to have been relatively stable since 1989 (Partridge et al., 2018), was congruent with that of living bivalves based on all taxonomic resolutions and data transformations assessed in this study (Figure 5). The ability of dead-shell assemblages to mirror regional variation of bivalve living assemblages in Puget Sound is thus very high, and moreover, is robust to taxonomic coarsening and to multiple levels of data transformation. Bivalve death assemblages have been shown to preserve spatial and environmental gradients in bivalve living assemblages in other systems of relatively pristine or otherwise steady-state conditions (e.g., Warme, 1969; Tomašových and Kidwell, 2009; Martinelli et al., 2016; Hyman et al., 2019). Conversely, poor live-dead agreement in subtidal settings, commonly assumed to reflect postmortem information loss, is now appreciated as being strongly correlated with a recent history of anthropogenic disturbance sufficient to have offset the composition of the living assemblage from its long-term baseline state, of which the surficial time-averaged death assemblage retains a memory (Kidwell, 2007). Stressors with such power include eutrophication (Kidwell, 2007; Korpanty and Kelley, 2014; Leshno et al., 2015; Gilad et al., 2018; Tweitmann and Dietl, 2018), biological invasion (Yanes, 2012; Chiba and Sato, 2013; Steger et al., 2022), bottom trawling (Kidwell, 2009), various combinations of these and other stressors (Haselmair et al., 2021), and warming-associated environmental changes (Powell et al., 2017; Meadows et al., 2019). We note that while live-dead congruence as found here (i.e., living and dead bivalves producing similarly-structured distance matrices of among-station variation) is not the same as live-dead agreement as conventionally determined (i.e., the living and dead bivalves having similar faunal composition), it nevertheless supports the observational data for a stable community organization over the last 30 years at this regional scale (Partridge et al., 2018). Indeed, the consistent results for all two-year sets of the community time series and high correlation to the 2017–2018 dataset (Figure 6) suggests that patterns of taxonomic surrogacy and live-dead congruence among bivalves have both been stable attributes of the Puget Sound benthos for at least the last 30 years.

Based on annual monitoring, overall benthic conditions in Puget Sound are known to have deteriorated over the last 30 years, especially in terminal inlets with poor water exchange and especially using measures of sediment toxicity (Partridge et al., 2018; Weakland et al., 2018). However, changes in benthic communities at the ten sentinel sites used here have been modest and non-directional using compositional measures: most variation is among sites as a function of habitat type, with only a small secondary effect of the date of sampling (Partridge et al., 2018). That said, the ten sites have each exhibited variability including some strong fluctuations in abundance over the 1989–2015 interval: some sites have shown an increase (or a decrease) in total abundance or richness, and some have experienced an increase (or decrease) in a particular taxon (but usually different taxa at different sites) and none of these faunal changes are correlated strongly with tracked contaminants (Partridge et al., 2018). This variability and the uncertain causes stimulated a change in ECY’s monitoring program to include additional environmental measures and increase the number of sites sampled annually (Dutch et al., 2018). It was also a motivation for our collaboration, bringing death assemblages into the evaluation, and thus for this initial investigation of surrogacy.

In light of this known but highly complex and spatially disparate history of communities at these ten sites, which have nonetheless remained compositionally distinct, the high live-dead congruence observed among bivalves suggests that the death assemblages have experienced little net postmortem bias from processes such as lateral transportation and differential preservation of shells. It also suggests that the time averaging of skeletal materials has been either (1) relatively short, i.e., encompassing too few generations of shell input to detect any past shifts in community composition that might have occurred before the onset of monitoring, or (2) fairly long, but compositional changes within that interval of death assemblage accumulation did not exceed the range of variation observed within the past 30 + years (i.e., the distance matrices of community composition have been stable for more than 30 years).

We do not yet have shell-age data to test these alternatives directly. Such data on the window of time averaging (that is, the age of the oldest shells) and the temporal resolution (IQR of the frequency distribution of cohorts) of a death assemblage is typically quantified by radiocarbon or other direct age-dating of shells (for review, see Kidwell, 2013). The per-sample cost and subsample size have declined over the last decade, but shell-age analysis still requires funds and collaborations outside those generally on hand. It thus is still undertaken only to address specific issues relevant to management that emerge from an initial live-dead analysis, such as the date of disappearance of an abundant but dead-only taxon (e.g., Kowalewski et al., 2000; Albano et al., 2016; Tomašových and Kidwell, 2017; LeClaire et al., 2022) and the persistence of an important habitat (e.g., Waldbusser et al., 2013; Casebolt and Kowalewski, 2018; Hyman et al., 2019; Haselmair et al., 2021). The precise scale of time averaging is not critical to the question here, nor have local shell-age data accompanied surrogacy tests by others using live and dead bivalves (e.g., Schopf, 1978; Tyler and Kowalewski, 2017), including surrogacy tests that suppose that dead-shells should serve as good guides to gradients because the living mollusk subset does (Dietl et al., 2016; Kokesh et al., 2022). Age data is in fact lacking in many valuable and almost certainly correct inferences of benthic change based on live-dead discordance (e.g., Tweitmann and Dietl, 2018, building on Kidwell, 2007). Thus, for an initial analysis of the local value of death assemblages, it can suffice to appreciate that dead shells reflect the “past” to some degree, notwithstanding uncertainties in the magnitude of time averaging, contrasting with the “now” represented by living assemblages. This qualitative strategy of analogizing live/dead (or live/Quaternary fossil, or core-top/core-bottom) with now/then underlies much of conservation paleobiologic research and achievements, allowing us to acquire first-order insights before fully knowing the geologic age and age-structure of the local shelly record.

Shell-age analysis is only now getting underway for Puget Sound bivalve assemblages. However, geological inference suggests that time averaging might be quite limited in cold-temperate Puget Sound, perhaps reflecting shell input largely from only the last few decades – that is, encompassing the duration of biomonitoring but perhaps not much more. One argument for such short time averaging is that the ratio of dead-to-live bivalve abundances is only 1.2–1 (Table 3), which is much lower than the global median of 8:1 for tropical and warm-temperate settings (Kidwell, 2009). This low ratio suggests relatively little accrual of past generations in the surface mixed layer, which can have several non-mutually-exclusive explanations. One is that postmortem rates of aragonitic shell disintegration are high, which we would suspect for relatively cold waters like those of Puget Sound. A second explanation for low dead-to-live ratios can be a high rate of sedimentation, which removes shells from the surface mixed layer via burial. Sedimentation rates in Puget Sound are, in fact, relatively high at ∼0.5–2 cm/yr based on 210Pb dating of sedimentary cores (Brandenberger et al., 2011).

Data from other settings with high sedimentation provide the best basis for predicting the scale of time averaging of Puget Sound bivalve death assemblages, pending direct dating. For example, in subtropical siliciclastics of Texas coastal lagoons, with a sedimentation rate of ∼0.3 cm/yr, nearly all dead bivalve shells from the upper 0–10 cm of sediment were dated as younger than ∼10 years (Olszewski and Kaufman, 2015). In tropical lagoonal deposits of the Great Barrier Reef with a sedimentation rate of ∼0.6 cm/yr, the 95% confidence interval of median shell ages from the uppermost 15 cm of sediment ranged from 2 to 167 years with a maximum shell age of ∼200 years old (Kosnik et al., 2015). Given that these are much warmer-water settings with comparable sedimentation rates, these values probably define the upper limit for time-averaging expected in the cold-temperate Puget Sound. Our best expectation for Puget Sound is thus IQRs on the order of a few decades, with few old shells more than ∼100 years old.



Implications for conservation biology and paleoecology

Given that variation in living bivalves (a true subset of the whole fauna) demonstrated strong correlation to the whole fauna, it follows that bivalve death assemblages, which map so closely onto living bivalves, possess a similar capacity to that of living bivalves to approximate the among-station compositional distances of the whole living macrobenthic fauna in this system. Polychaetes are the strongest surrogate subset here (as they also are in many other systems, see references above), but they and species-rich malacostracans lack the preservation potential of bivalves under normoxic conditions and thus have little practical paleoecological potential. Albano et al. (2016) found species-level patterns of live-dead agreement to be consistent up to resolutions of families, corroborated further with regard to the effects of data transformation in Miocene assemblages by Zuschin et al. (2017). Using a different methodological approach, namely quantifying compositional variability among environmentally-categorized groups of stations, Tyler and Kowalewski (2017) found that molluscan death assemblages preserve the extent of variation among environments as reflected by the whole living fauna. This study introduces, for the first time, methods already in wide use by applied ecologists for examining surrogacy (particularly second-stage NMDS) and expands to include both living and death assemblages. Our results corroborate those of previous fossil-focused investigations.

Our finding of the reliability of bivalve death assemblages supports their use for retrospectively evaluating human impacts on ecological systems. Conservation biologists typically have to rely on long-term monitoring data to quantify ecological responses to historic human impacts, watching changes (decline, recovery) play out in real time (e.g., Borja et al., 2006; Moritz et al., 2021). Even under the pressure of impending development, investigators still typically employ a Before-After-Control-Impact (BACI) or Beyond-BACI study design (Underwood, 1991, 1994) to establish changes occurring over time, even if observations are limited to only a few seasons. However, human stressors such as wastewater, dredging, and harvesting often predate the onset of even dedicated monitoring efforts (Todd et al., 2019). Demonstrating that shelly death assemblages are congruent with whole fauna, especially their pattern of compositional variation across a region as tested here, encourages their use as tools for estimating pre-monitoring (and potentially pre-impact) biological patterns. It should, of course, be remembered that sampling death assemblages inflicts the same cost on living communities as if the living were the target. The advantages of including death assemblages in monitoring efforts are becoming increasingly clear, however, namely in increasing the sample size of an important part of the benthic community, providing historical perspective on conditions during past decades and centuries, and as undertaken here, establishing the conditions (species:genus ratios, clade representation, evenness, etc.) under which biologists in frontier areas might streamline monitoring to shelly clades alone.

Government-mandated, contracted, and non-profit monitoring programs might thus elect to integrate the retention and processing of death assemblages as part of their routine analytical procedures or, as exemplified here by cooperation between The University of Chicago and ECY, form an academic-agency partnership to explore an environmental issue of particular concern. ECY now saves rather than discards their sediment residue, allowing scientists at Chicago to develop counterpart ecological information from the death assemblage to tackle questions of mutual interest, such as this report. It also permits other applied and academic analyses, now underway, such as establishing scales of time averaging and uncovering environmental and species-level patterns of shell damage and loss, especially those relevant to ocean acidification. The University currently archives the growing library of dead samples from Puget Sound, as it does for counterpart material from cooperative agreements with municipal agencies in southern California (e.g., Bizjack et al., 2017; Tomašových and Kidwell, 2017; Leonard-Pingel et al., 2019). However, although agencies are typically required to retain live-collected material for a set number of years, they cannot accommodate the much larger volume of dead sieve residues, nor necessarily acquire funds for the labor of dead-shell analysis, at least until a formal protocol is established with clear benefits. Relationships with museums and other academic institutions are thus an important step. We strongly encourage academics to be proactive in proposing such collaborative efforts: agency personnel already have the necessary sampling operations in place and high-quality datasets on biological communities and environmental parameters, sometimes over impressive spatial and/or temporal scales as here and in southern California. Like all scientists, they like to see new value from existing data, especially from samples they had been discarding, and educational benefits are always important for public institutions. Additional mutual benefits – already experienced from this ECY-University of Chicago partnership – include (1) projects and connections for undergraduate and graduate students, who are also introduced to careers in applied science, (2) publicity of conservation paleobiology and novel academic-agency partnerships to the public and stakeholders served by agencies, and (3) participation and authorship by agency scientists on publications and deliverables that appeal to a readership of both academic and applied scientists. Eventually, the ECY hopes that this cooperative effort, which extends beyond this first report on surrogacy, will reveal new insights that better inform their monitoring efforts, including the detection of human stressors that predate the PSEMP program, and encourage the implementation of new field methods (e.g., core sampling).

Although our focus here is on supporting modern-day efforts in conservation and environmental management, these results are also encouraging for paleoecological inference in older, pre-Holocene fossil records. The shelly component of a fauna cannot be used to directly reconstruct the composition of the unpreserved soft-bodied fauna, but tests like this support recognizing compositional variation of benthic communities more broadly, especially in the Cenozoic and late Mesozoic (i.e., the realm of the mollusk-rich Modern Evolutionary Fauna; Sepkoski, 1981; Rojas et al., 2021). By extension of death assemblages serving as a congruent proxy for the Modern whole fauna, fossil assemblages might reliably reflect patterns of compositional variation of the unpreserved fauna that was surely present. Surrogates of many types already have a long history of use in paleontology, for example using genus- rather than species-level data and focusing community analysis on a single class (as is also often done in community ecology, e.g., the dynamics of small mammals). Quantifying the confidence of such surrogates for application in the fossil record is thus an important direction for future research, to better understand paleoecological variation among assemblages at basinal and larger regional scales.




Conclusion

This cooperative study between academic paleontologists and applied agency ecologists demonstrates that bivalves, both living and dead, are reliable for recognizing regional-scale compositional variation of the whole macrobenthic fauna of Puget Sound, a cold-temperate estuary with strong natural environmental gradients and potentially challenging taphonomic conditions. The success of surrogacy methods here, especially the suitability of family-level taxonomy and of using proportionally abundant (not necessarily rich) subsets of taxa, should promote the expansion of monitoring to new areas, where the costs and requisite taxonomic expertise needed for whole-fauna analysis might otherwise be discouraging. Such expansion can be an issue even in long-standing monitoring programs. We emphasize the importance of testing for the sensitivity of different surrogates locally prior to or at the onset of new monitoring programs, given variability in our results on numerical sufficiency (coarsening of taxonomic count data) and in local motivations (e.g., surrogates to mirror the whole fauna versus identifying environmental gradients, or comparison with paleoecological evidence from death assemblages and cores). The power of bivalve death assemblages to detect regional compositional variation evident in the living whole fauna, despite potential taphonomic filters on composition and taxonomic identification, are especially encouraging, given the advantages of integrating paleoecological information with modern monitoring programs, a major thread in conservation paleobiology. Given that shelly death assemblages are already encountered by the sampling gear used for living macrobenthic infauna, they are a particularly inexpensive complement to long-term time-series data as well as a means of getting a baseline estimate where long-term data are lacking.
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Halting biodiversity loss under growing anthropogenic pressure is arguably the greatest environmental challenge we face. Given that not all species are equally threatened and that resources are always limited, establishing robust prioritisation schemes is critical for implementing effective conservation actions. To this end, the International Union for Conservation of Nature (IUCN) Red List of Threatened Species has become a widely used source of information on species’ extinction risk. Various metrics have been proposed that combine IUCN status with different aspects of biodiversity to identify conservation priorities. However, current strategies do not take full advantage of palaeontological data, with conservation palaeobiology often focussing on the near-time fossil record (the last 2 million years). Here, we make a case for the value of the deep-time (over 2 million years ago), as it can offer tangible parallels with today’s biodiversity crisis and inform on the intrinsic traits that make species prone to extinction. As such, palaeontological data holds great predictive power, which could be harnessed to flag species likely to be threatened but that are currently too poorly known to be identified as such. Finally, we identify key IUCN-based prioritisation metrics and outline opportunities for integrating palaeontological data to validate their implementation. Although the human signal of the current extinction crisis makes direct comparisons with the geological past challenging, the deep-time fossil record has more to offer to conservation than is currently recognised.
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Introduction

Anthropogenic pressures are driving a shockingly large number of species to extinction (Díaz et al., 2019a), suggesting we have entered a sixth mass extinction event, comparable in magnitude with the other five that shaped the history of life (Barnosky et al., 2011; Ceballos et al., 2015). Because resources for conservation are limited, the preservation of biodiversity requires effective strategies, including the prioritisation of species and habitats.

The International Union for Conservation of Nature (IUCN) Red List of Threatened Species1 provides a useful framework that categorises species according to their extinction risk (Mace and Lande, 1991; Betts et al., 2020). To further identify the species or areas for which extinction will result in the most significant losses, various conservation metrics have been proposed that combine IUCN categories with different prioritisation criteria. Because these tools are mostly focussed on the present state of biodiversity, current conservation strategies are generally reactive, operating under near-emergency conditions (Avise, 2005).

Another dimension, which is rarely incorporated in conservation prioritisation, is the deep geological past–“deep-time”–which, in the context of this article, contrasts with “near-time” [the last 2 million years (myrs); Dietl et al., 2015]. Logically, conservation needs to be forward-focussed but usually ignores that the vast majority of species that have ever lived–over 99%–have already gone extinct (Jablonski, 2004). Because most extinctions have taken place over geological timescales, the deep-time fossil record represents our best source of information on how, when, and why biodiversity changes through time and space. Nevertheless, the usefulness of deep-time palaeontology in conservation is limited not only by the inherent incompleteness of the fossil record, which worsens as we look deeper into geological time (Raup, 1972; but see Pimiento and Benton, 2020) but also by striking differences in pace, patterns, and scale relative to the rapid, human-driven loss of species we witness today. While these challenges call for caution in extrapolating past insights into future predictions, we argue that the potential of deep-time palaeontology to aid conservation is high and should not be readily overlooked.

Here, we make a case for the potential of the deep-time fossil record as it offers tangible parallels with today’s biodiversity crisis and can inform conservation theory, policy, and practice on species’ intrinsic vulnerability to extinction. We further list the key metrics currently used in conservation prioritisation that explicitly incorporate IUCN statuses and provide suggestions for opportunities to integrate palaeontological data into these metrics. While the implementation gap between deep-time palaeontology and conservation is significant, increasingly rich datasets and novel analytical frameworks offer exciting opportunities for bridging this divide.



The potential of deep-time palaeontology to aid conservation

Conservation palaeobiology uses geo-historical data to offer a long-term perspective on biodiversity changes in the face of human impacts (Dietl and Flessa, 2011; Dietl et al., 2015). Advances in this field have successfully informed restoration efforts of, for example, forests in Hawaii (Burney et al., 2001), the Everglades in Florida (Volety et al., 2009), and tortoise populations on islands (Hansen, 2010). However, most cases in which palaeobiology has impacted conservation, including those listed above, pertain to research focussing on near-time, with the last ∼130,000 years holding particular value and receiving most attention (e.g., Fordham et al., 2020).

As an important complement to near-time studies, the deep-time fossil record can offer informative parallels with today’s biodiversity and climate crises, not only because global temperatures are approaching the maximum experienced in the last 1.2 million years (Steffen et al., 2018) but also because many drastic environmental changes taking place today are comparable in at least one aspect with events recorded over deep timescales (Figure 1). For instance, the collision of an asteroid outside the Yucatán coast in Mexico around 66 Ma is somewhat comparable with the catastrophic effects of deforestation and depletion of natural resources caused by manifold human impacts on the environment, particularly since the Great Acceleration from the 1950s onwards (Figure 1A; Steffen et al., 2015). Similarly, anthropogenic global warming is to some extent comparable with historical “hyperthermals” in the geological record, most notably the Paleocene-Eocene Thermal Maximum (PETM) some 56 million years ago [Ma] (Zachos et al., 2008; Gingerich, 2019; Figure 1B). The extinction of around 70% of pelagic shark diversity in the early Miocene (∼19 Ma) mirrors the level of extinction they face today due to overfishing (Figure 1C; Pimiento and Pyenson, 2021; Sibert and Rubin, 2021). The wetlands that covered parts of western Amazonia in the Miocene (∼18 and ∼14 Ma; Jaramillo et al., 2017) causing pronounced biological changes in the region (Wesselingh et al., 2010; Salas-Gismondi et al., 2015), could be compared with the flooding caused by mega dams in Amazonia today (Figure 1D). The Messinian Salinity Crisis event, which resulted in the drying out of the Mediterranean Sea during the late Miocene (∼5 Ma), likely due to tectonic activity, can be compared to the drying of the Aral Sea as a consequence of cotton production (Figure 1E; Gupta, 2020). Finally, the Great American Biotic Interchange of species between South and North America following the emergence of the Panama Isthmus, which for mammals was mainly triggered at 2.5 Ma (Bacon et al., 2015; Carrillo et al., 2020), is comparable with the many recent introductions of invasive species, such as the European beaver causing an “invasive meltdown” in the Navarino Island of southern Chile (Figure 1F; Crego et al., 2016).
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FIGURE 1
Parallels between deep-time events and anthropogenic changes, which are comparable in at least one aspect, such as size of the area affected or magnitude of change. (A) Asteroid collision ∼66 Ma vs. Great Acceleration from the 1950s onwards. (B) Palaeocene-Eocene Thermal Maximum vs. on-going global warming. (C) Extinction of pelagic sharks in the early Miocene vs. extinction levels today due to overfishing. (D) Wetlands covering parts of western Amazonia in the Miocene vs. flooding caused by mega dams today. (E) Drying out of the Mediterranean Sea during the late Miocene vs. drying of the Aral Sea as a consequence of cotton production. (F) Great American Biotic Interchange between South and North America ∼2.5 Ma vs. European beaver introduction in southern Chile.


Although the putative parallels mentioned above can be debated and do not represent a comprehensive list of events, they show that some deep-time events are comparable with human-driven stressors, although the pace (and sometimes geographic and taxonomic scale) at which humans have affected biodiversity is generally far greater. From a conservation management perspective, these parallels can inform the likely long-term response of species and ecosystems to abiotic stressors (Fordham et al., 2020). For example, the recovery pace, sequence, and timing of establishment for complex plant communities after the mass extinction event at 66 Ma (Figure 1A; Carvalho et al., 2021) could inform reforestation programmes in regions highly degraded by human activities. The body size reduction in mammals following the high temperatures of the PETM (Figure 1B; Secord et al., 2012) could be used to predict changes in the composition and function of future communities in response to climate change. Understanding the mechanisms of extinction of pelagic sharks in the early Miocene (Figure 1C; Sibert and Rubin, 2021) could reveal the abiotic factors that potentially interact with overfishing to cause the decline of sharks in the open ocean, thereby informing mitigation actions. The recorded drowning or draining of vast areas in Amazonia (Figure 1D; Antonelli et al., 2009) and the Mediterranean (Figure 1E; Van Der Made et al., 2006) could inform the long-term consequences of large infrastructural projects such as for energy production or agriculture; and on likely effects on the diversity, distribution, and migration of species. Finally, the general direction of biological invasions, from larger and more diverse areas to smaller and less diverse ones (Figure 1F; Beard, 1998), could help predict where invasions are likely to take place following climate-driven range shifts. The deep-time, therefore, represents a valuable source of information to anticipate the response of species to environmental conditions outside human experiences and possibly even beyond the survival of our species. Deep-time insights should, however, be interpreted with caution, since they are limited to the broad aspects of species responses and because the parallels between the deep geological past and today may only be applicable to certain clades or periods of time.



Incorporating the fossil record in conservation prioritisation metrics

The IUCN is widely influential in conservation practice today. Using the best available scientific information, standardised methods, and rigorous criteria, species are assigned to one of nine extinction risk categories for the IUCN Red List of Threatened Species: Not Evaluated (NE), Data Deficient (DD), Least Concern (LC), Near Threatened (NT), Vulnerable (VU), Endangered (EN), Critically Endangered (CR), Extinct (EX), and Extinct in the Wild (EW) (Rodrigues et al., 2006; IUCN, 2016a). The criteria used to assess the status of a species include population decline, restricted range, small population size, and quantitative extinction risk assessments (IUCN, 2016a; Rodrigues et al., 2019). Because these criteria are based on relatively short-term trends, using fossil and historical records has been proposed to shift the ecological baselines used to assess extinction risk (Rodrigues et al., 2019). Indeed, some LC species (e.g., the grey whale, Eschrichtius robustus) have shown shrinking ranges when longer-term trends are considered (Rodrigues et al., 2018). As such, historical ranges are now being accounted for in recovery assessments under the IUCN Green List (Akçakaya et al., 2018).

The fossil record could further aid conservation prioritisation schemes by providing fundamental information on extinction selectivity and predictability. Palaeontological research at different timescales, but especially over the deep-time, has shown that the extent to which species are prone to extinction is largely linked to their intrinsic traits, such as geographic range, body size, diet, and thermoregulation (Willis et al., 2008; Harnik et al., 2012; Finnegan et al., 2015; Pimiento et al., 2017; Cantalapiedra et al., 2021). For some clades, intrinsic traits can predict extinction risk in both fossil and extant taxa (Tietje and Rödel, 2018) and better than abiotic factors alone (Boyer, 2010). Although the link between intrinsic traits and extinction risk is also apparent when studying modern species (e.g., Leao et al., 2014; Ripple et al., 2017; Dulvy et al., 2021), current (neontological) data can be restricted to human scales (i.e., ecological timescales, small geographic extent, or narrow taxonomic coverage). The deep-time fossil record has the potential to complement biological studies by providing data on extinction selectivity over much longer, evolutionary scales. This broader and longer perspective on threatened clades is unique to the fossil record. As such, taking advantage of the phylogenetic conservatism seen in traits associated with extinction risk (Purvis, 2008; Roy et al., 2009), the fossil record could be used to flag species that hold traits associated with extinction risk in their clade, but that are too poorly known from neontological data to be categorised as threatened (e.g., DD or NE species). To that end, and given the urgency of the current extinction crisis, we propose that the palaeontological community engages more closely with the IUCN to discuss the possibility of a palaeontologically informed threat category, or the addition of palaeontological information into existing categories, to identify species that are potentially vulnerable in this context and therefore merit further evaluation. Although we recognise this would be a complex task to formalise and standardise across taxa and life forms, we believe that such discussions could inspire future research to enhance conservation actions.

In addition to its potential to flag species intrinsically vulnerable to extinction, a deep-time approach has the potential of validating an array of existing prioritisation metrics. There are at least six metrics that identify species for which extinction will result in irreplaceable losses, and areas holding particularly important species (Figure 2). These metrics combine IUCN statuses with different prioritisation criteria, namely evolutionary distinctiveness, ecological importance, and restricted distribution. Below we summarise them and outline opportunities to incorporate the fossil record, especially over deep timescales.
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FIGURE 2
International Union for Conservation of Nature (IUCN)-based conservation prioritisation metrics. Orange horizontal bars show the prioritisation criteria that are combined with global endangerment (GE). Green bars show how GE is used in each metric (Table 1). Blue bars show their conservation prioritisation target.



Evolutionary distinctiveness

Isaac et al. (2007) proposed the evolutionarily distinct and globally endangered metric (EDGE; Figure 2) to identify species that disproportionately contribute to the evolutionary history of their clade. Given a phylogeny, evolutionary distinctiveness (ED) is calculated (Table 1) and then combined with IUCN statuses [also called global endangerment (GE)] in a log scale (Isaac et al., 2007; Figure 2). The EDGE metric is widely used, with the IUCN Phylogenetic Diversity Task Force2 guiding its inclusion in conservation strategies. It has been applied to a wide array of clades, including mammals (Isaac et al., 2007), amphibians (Isaac et al., 2012), birds (Jetz et al., 2014), squamates (Tonini et al., 2016), sharks, rays, chimaeras (Stein et al., 2018), and gymnosperms (Forest et al., 2018).


TABLE 1    Glossary of indices and abbreviations used in International Union for Conservation of Nature (IUCN)-based prioritisation metrics.
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There are at least two other metrics that have been proposed with modifications to the EDGE index. The metric heightened evolutionary distinctiveness and globally endangered (HEDGE; Figure 2) quantifies how much a species is likely to contribute to future biodiversity (Steel et al., 2007). It consists of HED, which is the expected gain in phylogenetic diversity (PD; Table 1) if a given species is protected (Steel et al., 2007), which is then computed with GE (Table 1). Unlike EDGE, HEDGE is based on expected PD, thereby reflecting the opportunity to safeguard more evolutionary history in the future (Robuchon et al., 2021). Similarly, iteratively calculated HEDGE (I-HEDGE; Figure 2) is computed in iterative rounds where top HEDGE species are identified and “saved” by setting their extinction probability to near zero, and then recalculating HEDGE until all species have been “saved” (Jensen et al., 2016). Unlike HEDGE, I-HEDGE produces an optimal rank of species to protect while accounting for complementarity (i.e., the fact that if one species is protected, its sister should drop in value because the shared component of evolutionary diversity is now retained). Empirical applications include prosimian primates for HEDGE (Steel et al., 2007) and Galápagos tortoises for I-HEDGE (Jensen et al., 2016).

Although not widely exploited yet, the deep-time fossil record has begun to be incorporated into the ED framework. For instance, it has been shown that the inclusion of Early Cretaceous fossils (110 Ma) in the lungfish phylogeny increases the Australian lungfish’s distinctiveness (Cavin and Kemp, 2011). Furthermore, Bennett et al. (2019) tested whether the implementation of EDGE results in the preservation of “seeds” of future radiations where high ED leads to low ED (Table 1); or if, instead, it preserves the tail-ends of once-diverse clades, now “doomed” to extinction, where low ED results in high ED. They addressed this question by incorporating the mammalian fossil record into phylogenetic super-trees, computing per-clade ED across time slices, and modelling past ED as a function of future ED. They found that evolutionarily distinct taxa are neither seeds nor doomed. Instead, they are disproportionally represented by “living fossils” (with low origination and extinction rates), whereby high ED leads to even higher ED. As such, while preserving ED species today may not result in ensuring future radiations, it does preserve species doomed to extinction, at least for mammals. Applying an approach similar to that of Bennett et al. (2019) to different clades across realms would provide a more comprehensive assessment of the use of ED-based metrics, further determining if the results they found are specific for mammals, or if protecting ED taxa generally results in preserving other living fossils. The inclusion of the fossil record in phylogenetic trees can therefore allow us to determine the likely evolutionary consequences and benefits of conservation actions guided by the EDGE metric.

Palaeontological data could be further used to test how a clade’s PD changes following the extinction of species with high ED (Table 1). This could be done by building a phylogeny that includes both extant and extinct taxa, computing per-species ED and per-time PD, and quantifying the erosion of PD following the removal of extinct species with different levels of ED. This combined approach would also allow the quantification of changes in prioritisation rankings after hypothetically “saving” species with high ED. Unlike molecular trees composed of extant species only, the combination of extinct and extant taxa in phylogenies to calculate ED and PD could improve knowledge on how the extinction (and protection) of species with high ED can shape the evolutionary history of entire clades, thereby providing tools to validate or justify the use of EDGE- and HEDGE-informed conservation priorities today.

To undertake the studies envisioned above, a good understanding of the taxonomy and morphology of fossil taxa is required, which is only possible with primary palaeontological work (e.g., fieldwork, collections inspection, and comparative anatomy). Similarly, it is necessary to account for the uncertainties associated with fossil dating and taxonomic identifications. To that end, a new set of methods that rely on the fossilised date-birth process is particularly useful, which unifies neontological and palaeontological phylogenetics by combining morphology, DNA sequences, and stratigraphy (Wright et al., 2022). Therefore, the incorporation of the fossil record in the calculation of ED-based metrics, which requires primary palaeontological work and the use of analytical approaches to account for uncertainties, holds great potential to test hypotheses on the long-term implications of the extinction of species with high ED.



Ecological importance

Ecological distinctiveness is part of two additional IUCN-based metrics. The metric ecologically and evolutionarily distinct and globally endangered (EcoEDGE; Figure 2) computes ecological distinctiveness (EcoD; Table 1) using the same rationale as ED, but instead of phylogeny, it uses a functional dendrogram based on ecological traits. EcoD is then combined with ED and GE (Table 1 and Figure 2; Hidasi-Neto et al., 2015). Notably, the application of this metric has shown that EcoD is complementary to ED, rather than redundant (Hidasi-Neto et al., 2015). Functionally unique, specialised, and endangered (FUSE; Figure 2) uses a different approach. Although also inspired by EDGE, it aims to identify species disproportionately contributing to functional diversity, which is quantified based on a multidimensional trait space (i.e., defined by axes representing functional traits, along which species are placed according to their trait values; Table 1). This metric comprises two components: functional uniqueness (FUn; Table 1) thereby identifying species with low functional redundancy (ecologically dissimilar to others); and functional specialisation (FSp; Table 1), identifying species with extreme trait values, which delimit the volume of the trait space (i.e., functional richness, FRic; Table 1; Mouillot et al., 2013). In FUSE, FUn and FSp are computed per species, and combined with GE (Griffin et al., 2020; Pimiento et al., 2020a). Empirical applications of EcoEDGE and FUSE include terrestrial mammals and marine megafauna, respectively (Hidasi-Neto et al., 2015; Pimiento et al., 2020a).

The fossil record could inform ecological importance metrics in several ways. For instance, it could allow testing whether the implementation of the EcoEDGE metric results in the preservation of ecological- and/or ED over time. This could be achieved by incorporating fossils into phylogenetic trees and analogous functional dendrograms, and computing EcoD and ED (Table 1) to then quantify differences across time slices. That is, to model: (i) per-clade EcoD in ti as a function of EcoD in ti+1; (ii) EcoD in ti as a function of ED in ti+1; and (iii) ED in ti as a function of EcoD in ti+1, following Bennett et al. (2019). This approach would allow us to not only assess what facet of biodiversity (EcoD or ED; Table 1) is best preserved by implementing EcoEDGE, but also to test if the complementarity between EcoD and ED seen in some clades today (Hidasi-Neto et al., 2015; Cooke et al., 2020) is persistent over deep timescales. As such, the incorporation of fossils into phylogenetic trees and functional dendrograms can offer a framework on which to base predictions for the application of EcoEDGE to clades facing extinction.

Additionally, the fossil record could be used to assess the extent to which the preservation of ecologically distinct species results in higher functional diversity (Table 1) over time. This could be done by assembling a pool of fossil and extant taxa of different geological ages, building a trait space encompassing all species, quantifying per-species FUn and FSp, and computing functional richness (Table 1) at different time periods. This approach would account for the loss and gain of species over time, thereby testing if the implementation of the FUSE metric (which focusses on species with high FUn and FSp; Table 1) results in the preservation of a larger extent of trait values and, therefore, ecosystem functionality. Furthermore, the incorporation of fossils in the construction of functional spaces could enable testing of the order and importance of the different components of the FUSE metric. This could be done by assessing if the loss of species with high FUn (functionally redundant; Table 1) in the geological past preceded the extinction of those with high FSp. In other words, it would allow testing whether or not erosion inside the functional space affects its extent. Indeed, some extinction events have particularly affected functionally redundant species, leaving functional richness (Table 1) largely unaffected (Pimiento et al., 2020b). Understanding the response of the different components of the FUSE metric to extinctions would, in turn, allow the assessment of the role of past functional redundancy in shaping future ecological resilience. The fossil record has therefore the potential to not only help us evaluate the justification of conservation metrics focussed on ecological importance (i.e., EcoEDGE and FUSE; Figure 2), but also to test the ecological responses of communities to extinctions.

The incorporation of the fossil record into conservation metrics focussed on ecological importance (Figure 2) is, however, limited by the availability of trait data from extinct species. Assigning or measuring functional traits from incomplete or fragmentary specimens is challenging, especially when they lack extant relatives or ecological analogues. To support the studies suggested above, it is imperative that further research expands our understanding of the functional traits of fossil taxa. This will require a high level of expertise in specific clades, the cataloguing and digitisation of fossil records around the world, and authoritative and specialised taxonomic revisions that include both fossils and extant relatives. Despite these current limitations, many palaeontological studies have already compiled or analysed trait data and studied their functional diversity over deep timescales (e.g., Villéger et al., 2011; Leonard-Pingel et al., 2012; Aberhan and Kiessling, 2015; Pimiento et al., 2017, 2020b). Therefore, as fossil trait data become increasingly available (e.g., Raja et al., 2022), more opportunities will arise to include extinct taxa in the assessment of functional diversity over time, thereby allowing the implementation of EcoEDGE and FUSE metrics to be evaluated.



Geographic distribution

Species’ geographic range is considered in the metric weighted endemism and globally endangered (WEGE; Farooq et al., 2020). This metric ranks areas according to their biodiversity importance (Figure 2). It has been shown to highlight the same areas as the Key Biodiversity Areas methodology (IUCN, 2016b; KBA Standards and Appeals Committee, 2020), but in continuous scales instead of using a binary classification system, which greatly facilitates conservation decisions. Areas with narrowly distributed species and high extinction risk have the highest WEGE values. WEGE is computed by calculating the species’ weighted endemism (WE) and GE (Table 1) and is expressed per site. This metric has been applied to amphibians, mammals, and birds, thereby identifying WEGE hotspots in Central America, the Andes, West and East Africa, Eastern Madagascar, China, and Eastern Australia (Farooq et al., 2020).

The fossil record is already widely used to model past species’ geographic distributions (e.g., Varela et al., 2011). Furthermore, fossil occurrences can be combined with modern distribution data to expand the otherwise incomplete description of species’ ecological niches (e.g., Monsarrat et al., 2019), thereby enhancing predictions of range shifts in response to climate change. This application of the fossil record in biogeographic studies has important implications for conservation, including the identification of areas for reintroduction potential (Jarvie et al., 2021) and predictions of refugia (Greenstein and Pandolfi, 2008). Species distribution models using both fossil occurrences and current distributions could be used to extend the baselines to identify global and regional WEGE hotspots. Furthermore, these models can be used to test the extent to which range shifts due to climate change affect levels of endemism and therefore WEGE scores. For example, a species for which the range is expected to be reduced by half will be predicted to have a higher WE in the future relative to today (i.e., WEt+1 > WEt), even if its GE remained the same, resulting in an overall larger WEGE score. Finally, the fossil record could be used to infer WEGE hotspots across geological time periods, which in turn can allow an assessment of how conserved they are over time. The fossil record can therefore extend the baselines to identify WEGE hotspots, account for the role of climate-driven range shifts in current and future WEGE scores, and identify stable WEGE hotspots where conservation actions could be targeted.

To incorporate the fossil record into the WEGE framework, large datasets of fossil occurrences with spatial data are required. A number of databases are already available [e.g., the Palaeobiology Database3; the Neotoma Palaeoecology Database4; and PHYLACINE (Faurby et al., 2018)]. Although useful, these resources represent imperfect sets of data, with their quality and completeness varying across clades and time periods. As such, continually entering new data and critically evaluating existing datapoints, as well as using analytical approaches that account for the incompleteness and biases of the fossil record (e.g., Silvestro et al., 2016) are necessary activities. Therefore, the incorporation of the fossil record in the spatially explicit WEGE framework, which requires large amounts of palaeontological data and the use of analytical approaches to account for biases, holds great potential to extend the baselines in the identification of conservation prioritisation hotspots.




Prospects and limitations

The field of conservation palaeobiology, which includes scientists from multiple disciplines, regions, and specialisms5 has already made important advances in informing the conservation of species (Dietl and Flessa, 2011; Dietl et al., 2015; Fordham et al., 2020). However, the use of deep-time insights has remained largely hypothetical, mainly because the inherent limitations of the fossil record tend to exacerbate as we look deeper in geological time and because of the marked differences relative to the anthropogenic pressures species face today. As such, the usefulness of the deep-time in aiding conservation is restricted to coarse aspects of species responses and might be applicable to specific clades and time-periods. Despite these limitations, a deep-time approach can: (i) offer valuable parallels with today’s crisis, thereby informing on the long-term responses of species to environmental change (Figure 1); (ii) potentially allow identifying species likely to be threatened but not currently recognised as such; and (iii) enable testing current prioritisation metrics and expanding the baselines for the identification of spatial conservation priorities (Figure 2).

The integration of the deep-time into conservation, therefore, holds a largely unexplored potential to enrich and improve conservation. For this to be possible, it is critical to also advance our understanding of the fossil record of clades that are now considered to be threatened. Notwithstanding the rapid growth of palaeontological datasets, a deeper understanding of the phylogenetic relationships of extinct species, their life history, and ecological traits, as well as their distribution and climatic tolerance, is pivotal to bridging the gap between palaeontology and conservation. Further research is needed to incorporate the general directions and suggestions presented here for designing conservation prioritisation metrics that are ever more realistic, reliable, and useful.

Anthropogenic pressures, direct and indirect, are unequivocally the main drivers of biodiversity loss today (Díaz et al., 2019b). While the responsibility for this crisis lies predominantly with the wealthy nations and the burden is felt primarily by the poor (Saldanha, 2020; Gonzalez, 2021), it is of utmost urgency that all segments of society work collaboratively to safeguard the future of our planet’s rapidly disappearing species. We urge the scientific community to further consider palaeontology in this pursuit.



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

CP conceived the idea and wrote the first draft with substantial input from AA. Both authors contributed intellectually and wrote the final version of this manuscript.



Funding

CP was funded by a PRIMA grant from the Swiss National Science Foundation (no. 185798) and AA acknowledges financial support from the Swedish Research Council (2019-05191), the Swedish Foundation for Strategic Environmental Research MISTRA (Project BioPath) and the Royal Botanic Gardens, Kew.



Acknowledgments

We thank Félix Forest, Ian Ondo, and Harith Farooq for providing feedback on earlier versions of the manuscript, Jeff Eden (RBG Kew) for professional support with Figure 1, Rhian Smith for science and language editing, and the editor and the reviewers for valuable feedback that helped us improve this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Footnotes

1     www.iucnredlist.org

2     https://www.pdtf.org

3     https://paleobiodb.org

4     http://www.neotomadb.org

5     https://conservationpaleorcn.org/


References

Aberhan, M., and Kiessling, W. (2015). Persistent ecological shifts in marine molluscan assemblages across the end-Cretaceous mass extinction. Proc. Natl. Acad. Sci. U.S.A. 112, 7207–7212. doi: 10.1073/pnas.1422248112

Akçakaya, H. R., Bennett, E. L., Brooks, T. M., Grace, M. K., Heath, A., Hedges, S., et al. (2018). Quantifying species recovery and conservation success to develop an IUCN Green List of Species. Conserv. Biol. 32, 1128–1138. doi: 10.1111/cobi.13112

Antonelli, A., Nylander, J. A. A., Persson, C., and Sanmartín, I. (2009). Tracing the impact of the Andean uplift on Neotropical plant evolution. Proc. Natl. Acad. Sci. U.S.A. 106, 9749–9754. doi: 10.1073/pnas.0811421106

Avise, J. C. (2005). “Phylogenetic units and currencies above and below the species level,” in Phylogeny and Conservation, eds A. Purvis, J. L. Gittleman, and T. Brooks (Cambridge, MA: Cambridge University Press), 76–100. doi: 10.1017/CBO9780511614927.004

Bacon, C. D., Silvestro, D., Jaramillo, C., Smith, B. T., Chakrabarty, P., and Antonelli, A. (2015). Biological evidence supports an early and complex emergence of the Isthmus of Panama. Proc. Natl. Acad. Sci. U.S.A. 112, 6110–6115. doi: 10.1073/pnas.1423853112

Barnosky, A. D., Matzke, N., Tomiya, S., Wogan, G. O. U., Swartz, B., Quental, T. B., et al. (2011). Has the Earth’s sixth mass extinction already arrived? Nature 471, 51–57. doi: 10.1038/nature09678

Beard, K. C. (1998). East of Eden: Asia as an important center of taxonomic origination in mammalian evolution. Bull. Carnegie Museum Nat. Hist. 34, 5–39. doi: 10.5962/p.228609

Bennett, D. J., Sutton, M. D., and Turvey, S. T. (2019). How the past impacts the future: modelling the performance of evolutionarily distinct mammals through time. Philos. Trans. R. Soc. Lond. B Biol. Sci. 374:20190210. doi: 10.1098/rstb.2019.0210

Betts, J., Young, R. P., Hilton-Taylor, C., Hoffmann, M., Rodríguez, J. P., Stuart, S. N., et al. (2020). A framework for evaluating the impact of the IUCN Red List of threatened species. Conserv. Biol. 34, 632–643. doi: 10.1111/cobi.13454

Boyer, A. G. (2010). Consistent ecological selectivity through time in Pacific island avian extinctions. Conserv. Biol. 24, 511–519. doi: 10.1111/j.1523-1739.2009.01341.x

Burney, D. A., James, H. F., Burney, L. P., Olson, S. L., Kikuchi, W., Wagner, W. L., et al. (2001). Fossil evidence for a diverse biota from Kaua ‘i and its transformation since human arrival. Ecol. Monogr. 71, 615–641. doi: 10.1890/0012-9615(2001)071[0615:FEFADB]2.0.CO;2

Cantalapiedra, J. L., Sanisidro, Ó, Zhang, H., Alberdi, M. T., Prado, J. L., Blanco, F., et al. (2021). The rise and fall of proboscidean ecological diversity. Nat. Ecol. Evol. 5, 1266–1272. doi: 10.1038/s41559-021-01498-w

Carrillo, J. D., Faurby, S., Silvestro, D., Zizka, A., Jaramillo, C., Bacon, C. D., et al. (2020). Disproportionate extinction of South American mammals drove the asymmetry of the Great American Biotic Interchange. Proc. Natl. Acad. Sci. U.S.A. 117, 26281–26287. doi: 10.1073/pnas.2009397117

Carvalho, M. R., Jaramillo, C., De La Parra, F., Caballero-Rodríguez, D., Herrera, F., Wing, S., et al. (2021). Extinction at the end-Cretaceous and the origin of modern Neotropical rainforests. Science 372, 63–68. doi: 10.1126/science.abf1969

Cavin, L., and Kemp, A. (2011). The impact of fossils on the evolutionary distinctiveness and conservation status of the Australian lungfish. Biol. Conserv. 144, 3140–3142. doi: 10.1016/j.biocon.2011.08.014

Ceballos, G., Ehrlich, P. R., Barnosky, A. D., Garcia, A., Pringle, R. M., and Palmer, T. M. (2015). Accelerated modern human-induced species losses: entering the sixth mass extinction. Sci. Adv. 1:e1400253. doi: 10.1126/sciadv.1400253

Cooke, R. S., Eigenbrod, F., and Bates, A. E. (2020). Ecological distinctiveness of birds and mammals at the global scale. Glob. Ecol. Conserv. 22:e00970. doi: 10.1016/j.gecco.2020.e00970

Crego, R. D., Jiménez, J. E., and Rozzi, R. (2016). A synergistic trio of invasive mammals? Facilitative interactions among beavers, muskrats, and mink at the southern end of the Americas. Biol. Invasions 18, 1923–1938. doi: 10.1007/s10530-016-1135-0

Davis, M., Faurby, S., and Svenning, J.-C. (2018). Mammal diversity will take millions of years to recover from the current biodiversity crisis. Proc. Natl. Acad. Sci. U.S.A. 115, 11262–11267. doi: 10.1073/pnas.1804906115

Díaz, S., Settele, J., Brondízio, E. S., Ngo, H. T., Guèze, M., Agard, J., et al. (2019a). Summary for Policymakers of the Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. Bonn: Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services.

Díaz, S., Settele, J., Brondízio, E. S., Ngo, H. T., Agard, J., Arneth, A., et al. (2019b). Pervasive human-driven decline of life on Earth points to the need for transformative change. Science 366:eaax3100. doi: 10.1126/science.aax3100

Dietl, G. P., and Flessa, K. W. (2011). Conservation paleobiology: putting the dead to work. Trends Ecol. Evol. 26, 30–37. doi: 10.1016/j.tree.2010.09.010

Dietl, G. P., Kidwell, S. M., Brenner, M., Burney, D. A., Flessa, K. W., Jackson, S. T., et al. (2015). Conservation paleobiology: leveraging knowledge of the past to inform conservation and restoration. Annu. Rev. Earth Planet. Sci. 43, 79–103. doi: 10.1146/annurev-earth-040610-133349

Dulvy, N. K., Pacoureau, N., Rigby, C. L., Pollom, R. A., Jabado, R. W., Ebert, D. A., et al. (2021). Overfishing drives over one-third of all sharks and rays toward a global extinction crisis. Curr. Biol. 31, 4773–4787. doi: 10.1016/j.cub.2021.08.062

Faith, D. P. (1992). Conservation evaluation and phylogenetic diversity. Biol. Conserv. 61, 1–10. doi: 10.1016/0006-3207(92)91201-3

Farooq, H., Azevedo, J., Belluardo, F., Nanvonamuquitxo, C., Bennett, D., Moat, J., et al. (2020). WEGE: a new metric for ranking locations for biodiversity conservation. Divers. Distrib. 26, 1456–1466. doi: 10.1111/ddi.13148

Faurby, S., Davis, M., Pedersen, R. Ø, Schowanek, S. D., Antonelli, A., and Svenning, J.-C. (2018). PHYLACINE 1.2: the phylogenetic atlas of mammal macroecology. Ecology 99:2626. doi: 10.1002/ecy.2443

Finnegan, S., Anderson, S. C., Harnik, P. G., Simpson, C., Tittensor, D. P., Byrnes, J. E., et al. (2015). Paleontological baselines for evaluating extinction risk in the modern oceans. Science 348, 567–570. doi: 10.1126/science.aaa6635

Fordham, D. A., Jackson, S. T., Brown, S. C., Huntley, B., Brook, B. W., Dahl-Jensen, D., et al. (2020). Using paleo-archives to safeguard biodiversity under climate change. Science 369:eabc5654. doi: 10.1126/science.abc5654

Forest, F., Moat, J., Baloch, E., Brummitt, N. A., Bachman, S. P., Ickert-Bond, S., et al. (2018). Gymnosperms on the EDGE. Sci. Rep. 8:6053. doi: 10.1038/s41598-018-24365-4

Gingerich, P. D. (2019). Temporal scaling of carbon emission and accumulation rates: modern anthropogenic emissions compared to estimates of PETM onset accumulation. Paleoceanogr. Paleoclimatol. 34, 329–335. doi: 10.1029/2018PA003379

Gonzalez, C. G. (2021). Racial capitalism, climate justice, and climate displacement. Oñati Socio Legal Ser. 11, 108–147. doi: 10.35295/OSLS.IISL/0000-0000-0000-1137

Greenstein, B. J., and Pandolfi, J. M. (2008). Escaping the heat: range shifts of reef coral taxa in coastal Western Australia. Glob. Change Biol. 14, 513–528. doi: 10.1111/j.1365-2486.2007.01506.x

Griffin, J. N., Leprieur, F., Silvestro, D., Lefcheck, J. S., Albouy, C., Rasher, D. B., et al. (2020). Functionally unique, specialised, and endangered (FUSE) species: towards integrated metrics for the conservation prioritisation toolbox. bioRxiv [Preprint]. doi: 10.1101/2020.05.09.084871

Gupta, A. (2020). Shrinking of Aral Sea: an environmental disaster in Central Asia. Int. J. Hum. Arts Soc. Sci. 6, 162–170. doi: 10.20469/ijhss.6.20003-4

Hansen, D. M. (2010). “On the use of taxon substitutes in rewilding projects on islands,” in Islands and Evolution, eds V. Pérez-Mellado and C. Ramon (Mahón: Institut Menorquí d’Estudis), 111–146.

Harnik, P. G., Lotze, H. K., Anderson, S. C., Finkel, Z. V., Finnegan, S., Lindberg, D. R., et al. (2012). Extinctions in ancient and modern seas. Trends Ecol. Evol. 27, 608–617. doi: 10.1016/j.tree.2012.07.010

Hidasi-Neto, J., Loyola, R., and Cianciaruso, M. V. (2015). Global and local evolutionary and ecological distinctiveness of terrestrial mammals: identifying priorities across scales. Divers. Distrib. 21, 548–559. doi: 10.1111/ddi.12320

Isaac, N. J. B., Redding, D. W., Meredith, H. M., and Safi, K. (2012). Phylogenetically-informed priorities for amphibian conservation. PLoS One 7:e43912. doi: 10.1371/journal.pone.0043912

Isaac, N. J. B., Turvey, S. T., Collen, B., Waterman, C., and Baillie, J. E. M. (2007). Mammals on the EDGE: conservation priorities based on threat and phylogeny. PLoS One 2:e000296. doi: 10.1371/journal.pone.0000296

IUCN (2016a). The IUCN Red List of Threatened Species. Gland: IUCN.

IUCN (2016b). A Global Standard for the Identification of Key Biodiversity Areas. Gland: IUCN.

Jablonski, D. (2004). Extinction: past and present. Nature 427, 589–589. doi: 10.1038/427589a

Jaramillo, C., Romero, I., D’apolito, C., Bayona, G., Duarte, E., Louwye, S., et al. (2017). Miocene flooding events of western Amazonia. Sci. Adv. 3:e1601693. doi: 10.1126/sciadv.1601693

Jarvie, S., Worthy, T. H., Saltré, F., Scofield, R. P., Seddon, P. J., and Cree, A. (2021). Using Holocene fossils to model the future: distribution of climate suitability for tuatara, the last rhynchocephalian. J. Biogeogr. 48, 1489–1502. doi: 10.1111/jbi.14092

Jensen, E. L., Mooers, A. Ø, Caccone, A., and Russello, M. A. (2016). I-HEDGE: determining the optimum complementary sets of taxa for conservation using evolutionary isolation. PeerJ 4:e2350. doi: 10.7717/peerj.2350

Jetz, W., Thomas, G. H., Joy, J. B., Redding, D. W., Hartmann, K., and Mooers, A. O. (2014). Global distribution and conservation of evolutionary distinctness in birds. Curr. Biol. 24, 919–930. doi: 10.1016/j.cub.2014.03.011

KBA Standards and Appeals Committee (2020). Guidelines for using A Global Standard for the Identification of Key Biodiversity Areas. Version 1.1. Prepared by the KBA Standards and Appeals Committee of the IUCN Species Survival Commission and IUCN World Commission on Protected Areas. Gland: IUCN.

Leao, T. C., Fonseca, C. R., Peres, C. A., and Tabarelli, M. (2014). Predicting extinction risk of Brazilian Atlantic Forest angiosperms. Conserv. Biol. 28, 1349–1359. doi: 10.1111/cobi.12286

Leonard-Pingel, J. S., Jackson, J. B. C., and O’Dea, A. (2012). Changes in bivalve functional and assemblage ecology in response to environmental change in the Caribbean Neogene. Paleobiology 38, 509–524. doi: 10.1666/10050.1

Mace, G. M., and Lande, R. (1991). Assessing extinction threats: toward a reevaluation of IUCN threatened species categories. Conserv. Biol. 5, 148–157. doi: 10.1111/j.1523-1739.1991.tb00119.x

Monsarrat, S., Novellie, P., Rushworth, I., and Kerley, G. (2019). Shifted distribution baselines: neglecting long-term biodiversity records risks overlooking potentially suitable habitat for conservation management. Philos. Trans. R. Soc. B Biol. Sci. 374:20190215. doi: 10.1098/rstb.2019.0215

Mooers, A. O., Faith, D. P., and Maddison, W. P. (2008). Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization. PLoS One 3:e003700. doi: 10.1371/journal.pone.0003700

Mouillot, D., Graham, N. A. J., Villeger, S., Mason, N. W. H., and Bellwood, D. R. (2013). A functional approach reveals community responses to disturbances. Trends Ecol. Evol. 28, 167–177. doi: 10.1016/j.tree.2012.10.004

Pimiento, C., and Benton, M. J. (2020). The impact of the Pull of the Recent on extant elasmobranchs. Palaeontology 63, 369–374. doi: 10.1111/pala.12478

Pimiento, C., Griffin, J. N., Clements, C. F., Silvestro, D., Varela, S., Uhen, M. D., et al. (2017). The Pliocene marine megafauna extinction and its impact on functional diversity. Nat. Ecol. Evol. 1:1100. doi: 10.1038/s41559-017-0223-6

Pimiento, C., Leprieur, F., Silvestro, D., Lefcheck, J., Albouy, C., Rasher, D., et al. (2020a). Functional diversity of marine megafauna in the Anthropocene. Sci. Adv. 6:eaay7650. doi: 10.1126/sciadv.aay7650

Pimiento, C., Bacon, C. D., Silvestro, D., Hendy, A., Jaramillo, C., Zizka, A., et al. (2020b). Selective extinction against redundant species buffers functional diversity. Proc. Biol. Sci. 287:20201162. doi: 10.1098/rspb.2020.1162

Pimiento, C., and Pyenson, N. D. (2021). When sharks nearly disappeared. Science 372, 1036–1037. doi: 10.1126/science.abj2088

Purvis, A. (2008). Phylogenetic approaches to the study of extinction. Annu. Rev. Ecol. Evol. Syst. 39, 301–319. doi: 10.1146/annurev-ecolsys-063008-102010

Raja, N. B., Dimitrijević, D., Krause, M. C., and Kiessling, W. (2022). Ancient Reef Traits, a database of trait information for reef-building organisms over the Phanerozoic. Sci. Data 9, 1–10. doi: 10.31219/osf.io/sxq7m

Raup, D. M. (1972). Taxonomic Diversity during the Phanerozoic. Science 177, 1065–1071. doi: 10.1126/science.177.4054.1065

Ripple, W. J., Wolf, C., Newsome, T. M., Hoffmann, M., Wirsing, A. J., and McCauley, D. J. (2017). Extinction risk is most acute for the world’s largest and smallest vertebrates. Proc. Natl. Acad. Sci. U.S.A. 114, 10678–10683. doi: 10.1073/pnas.1702078114

Robuchon, M., Pavoine, S., Véron, S., Delli, G., Faith, D. P., Mandrici, A., et al. (2021). Revisiting species and areas of interest for conserving global mammalian phylogenetic diversity. Nat. Commun. 12, 1–11. doi: 10.1038/s41467-021-23861-y

Rodrigues, A. S., Pilgrim, J. D., Lamoreux, J. F., Hoffmann, M., and Brooks, T. M. (2006). The value of the IUCN Red List for conservation. Trends Ecol. Evol. 21, 71–76. doi: 10.1016/j.tree.2005.10.010

Rodrigues, A. S. L., Charpentier, A., Bernal-Casasola, D., Gardeisen, A., Nores, C., Pis Millán, J. A., et al. (2018). Forgotten Mediterranean calving grounds of grey and North Atlantic right whales: evidence from Roman archaeological records. Proc. R. Soc. B Biol. Sci. 285:20180961. doi: 10.1098/rspb.2018.0961

Rodrigues, A. S. L., Monsarrat, S., Charpentier, A., Brooks, T. M., Hoffmann, M., Reeves, R., et al. (2019). Unshifting the baseline: a framework for documenting historical population changes and assessing long-term anthropogenic impacts. Philos. Trans. R. Soc. B Biol. Sci. 374:20190220. doi: 10.1098/rstb.2019.0220

Roy, K., Hunt, G., and Jablonski, D. (2009). Phylogenetic conservatism of extinctions in marine bivalves. Science 325, 733–737. doi: 10.1126/science.1173073

Salas-Gismondi, R., Flynn, J. J., Baby, P., Tejada-Lara, J. V., Wesselingh, F. P., and Antoine, P.-O. (2015). A Miocene hyperdiverse crocodylian community reveals peculiar trophic dynamics in proto-Amazonian mega-wetlands. Proc. R. Soc. Lond. B Biol. Sci. 282:20142490. doi: 10.1098/rspb.2014.2490

Saldanha, A. (2020). A date with destiny: racial capitalism and the beginnings of the Anthropocene. Environ. Plann. D Soc. Space 38, 12–34. doi: 10.1177/0263775819871964

Secord, R., Bloch, J. I., Chester, S. G., Boyer, D. M., Wood, A. R., Wing, S. L., et al. (2012). Evolution of the earliest horses driven by climate change in the paleocene-eocene thermal maximum. Science 335, 959–962. doi: 10.1126/science.1213859

Sibert, E. C., and Rubin, L. D. (2021). An early Miocene extinction in pelagic sharks. Science 372, 1105–1107. doi: 10.1126/science.aaz3549

Silvestro, D., Zizka, A., Bacon, C. D., Cascales-Miñana, B., Salamin, N., and Antonelli, A. (2016). Fossil biogeography: a new model to infer dispersal, extinction and sampling from palaeontological data. Philos. Trans. R. Soc. B Biol. Sci. 371:20150225. doi: 10.1098/rstb.2015.0225

Steel, M., Mimoto, A., and Mooers, A. Ø (2007). Hedging our bets: the expected contribution of species to future phylogenetic diversity. Evol. Bioinform. 3:117693430700300024. doi: 10.1177/117693430700300024

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., and Ludwig, C. (2015). The trajectory of the Anthropocene: the great acceleration. Anthropocene Rev. 2, 81–98. doi: 10.1177/2053019614564785

Steffen, W., Rockström, J., Richardson, K., Lenton, T. M., Folke, C., Liverman, D., et al. (2018). Trajectories of the earth system in the anthropocene. Proc. Natl. Acad. Sci. U.S.A. 115, 8252–8259. doi: 10.1073/pnas.1810141115

Stein, R. W., Mull, C. G., Kuhn, T. S., Aschliman, N. C., Davidson, L. N. K., Joy, J. B., et al. (2018). Global priorities for conserving the evolutionary history of sharks, rays and chimaeras. Nat. Ecol. Evol. 2, 288–295. doi: 10.1038/s41559-017-0448-4

Tietje, M., and Rödel, M. O. (2018). Evaluating the predicted extinction risk of living amphibian species with the fossil record. Ecol. Lett. 21, 1135–1142. doi: 10.1111/ele.13080

Tonini, J. F. R., Beard, K. H., Ferreira, R. B., Jetz, W., and Pyron, R. A. (2016). Fully-sampled phylogenies of squamates reveal evolutionary patterns in threat status. Biol. Conserv. 204, 23–31. doi: 10.1016/j.biocon.2016.03.039

Van Der Made, J., Morales, J., and Montoya, P. (2006). Late Miocene turnover in the Spanish mammal record in relation to palaeoclimate and the Messinian Salinity Crisis. Palaeogeogr. Palaeoclimatol. Palaeoecol. 238, 228–246. doi: 10.1016/j.palaeo.2006.03.030

Varela, S., Lobo, J. M., and Hortal, J. (2011). Using species distribution models in paleobiogeography: a matter of data, predictors and concepts. Palaeogeogr. Palaeoclimatol. Palaeoecol. 310, 451–463. doi: 10.1016/j.palaeo.2011.07.021

Villéger, S., Mason, N. W., and Mouillot, D. (2008). New multidimensional functional diversity indices for a multifaceted framework in functional ecology. Ecology 89, 2290–2301. doi: 10.1890/07-1206.1

Villéger, S., Novack-Gottshall, P. M., and Mouillot, D. (2011). The multidimensionality of the niche reveals functional diversity changes in benthic marine biotas across geological time. Ecol. Lett. 14, 561–568. doi: 10.1111/j.1461-0248.2011.01618.x

Volety, A. K., Savarese, M., Hoye, B., and Loh, A. N. (2009). Landscape Pattern: Present and Past Distribution of Oysters in South Florida Coastal Complex (Whitewater Bay/Oyster Bay/Shark to Robert’s Rivers). Fort Myers, FL: Florida Gulf Coast University.

Wesselingh, F. P., Hoorn, C., Kroonenberg, S. B., Antonelli, A., Lundberg, J. G., Vonhof, H. B., et al. (2010). “On the origin of Amazonian landscapes and biodiversity: a synthesis,” in Amazonia, Landscape and Species Evolution, 1st Edn, eds C. Hoorn and F. P. Wesselingh (Hoboken, NJ: Blackwell publishing), 421–431. doi: 10.1002/9781444306408.ch26

Willis, C. G., Ruhfel, B., Primack, R. B., Miller-Rushing, A. J., and Davis, C. C. (2008). Phylogenetic patterns of species loss in Thoreau’s woods are driven by climate change. Proc. Natl. Acad. Sci. U.S.A. 105, 17029–17033. doi: 10.1073/pnas.0806446105

Wright, A. M., Bapst, D. W., Barido-Sottani, J., and Warnock, R. C. (2022). Integrating fossil observations into phylogenetics using the fossilized birth–death model. Annu. Rev. Ecol. Evol. Syst. 53:12. doi: 10.1146/annurev-ecolsys-102220-030855

Zachos, J. C., Dickens, G. R., and Zeebe, R. E. (2008). An early Cenozoic perspective on greenhouse warming and carbon-cycle dynamics. Nature 451, 279–283. doi: 10.1038/nature06588












	
	TYPE Original Research
PUBLISHED 28 November 2022
DOI 10.3389/fevo.2022.983558






Impact of the extinct megaherbivore Steller's sea cow (Hydrodamalis gigas) on kelp forest resilience

Peter D. Roopnarine1,2*, Roxanne M. W. Banker1,2 and Scott D. Sampson2


1Invertebrate Zoology and Geology, California Academy of Sciences, San Francisco, CA, United States

2Institute for Biodiversity Science and Sustainability, California Academy of Sciences, San Francisco, CA, United States

[image: image2]

OPEN ACCESS

EDITED BY
G. Lynn Wingard, United States Geological Survey (USGS), United States

REVIEWED BY
Aaron Wirsing, University of Washington, United States
 Lindsey Leighton, University of Alberta, Canada

*CORRESPONDENCE
 Peter D. Roopnarine, proopnarine@calacademy.org

SPECIALTY SECTION
 This article was submitted to Paleoecology, a section of the journal Frontiers in Ecology and Evolution

RECEIVED 01 July 2022
 ACCEPTED 14 November 2022
 PUBLISHED 28 November 2022

CITATION
 Roopnarine PD, Banker RMW and Sampson SD (2022) Impact of the extinct megaherbivore Steller's sea cow (Hydrodamalis gigas) on kelp forest resilience. Front. Ecol. Evol. 10:983558. doi: 10.3389/fevo.2022.983558

COPYRIGHT
 © 2022 Roopnarine, Banker and Sampson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Giant kelp forests off the west coast of North America are maintained primarily by sea otter (Enhydra lutris) and sunflower sea star (Pycnopodia helianthoides) predation of sea urchins. Human hunting of sea otters in historical times, together with a marine heat wave and sea star wasting disease epidemic in the past decade, devastated these predators, leading to widespread occurrences of urchin barrens. Since the late Neogene, species of the megaherbivorous sirenian Hydrodamalis ranged throughout North Pacific giant kelp forests. The last species, H. gigas, was driven to extinction by human hunting in the mid-eighteen century. H. gigas was an obligate kelp canopy browser, and its body size implies that it would have had a significant impact on the system. Here, we hypothesize that sea cow browsing may have enhanced forest resilience. We tested this hypothesis with a mathematical model, comparing historical and modern community responses to marine heat waves and sea star wasting disease. Results indicate that forest communities were highly resistant to marine heat waves, yet susceptible to sea star wasting disease, and to disease in combination with warming. Resistance was greatest among systems with both sea cows and sea otters present. The model additionally predicts that historical communities may have exhibited delayed transitions after perturbation and faster recovery times. Sea cow browsing may therefore have enhanced resilience against modern perturbations. We propose that operationalizing these findings by mimicking sea cow herbivory could enhance kelp forest resilience.
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1. Introduction

The time frame of concern for most conservation projects is limited to a temporal window spanning less than a century (Dietl and Flessa, 2011). When contemplating interventions, conservation efforts tend to focus on the recent past and near future. This strategy can be problematic in a world where ecosystems have been changing for centuries to millennia, climate is warming rapidly, and ecological baselines are shifting (Dayton et al., 1998), making the recent past an unreliable guide to conditions preceding anthropogenic impact. Understanding what diversity and resilience once looked like for a given ecosystem is critical if we aim to regenerate ecosystems capable of persistence in an uncertain future. Rigorous exploration of future impacts from climate warming and other factors, including sequential reintroduction of species, or rewilding, is essential to increase the probability of regenerating past states that may have been more resilient. Here, we propose a Past-Present-Future (PPF) approach to conservation rooted in mathematical modeling, illustrating this method with a study of the giant kelp ecosystem in the northeastern Pacific Ocean.

Giant kelp forests are one of the most productive marine ecosystems in the world (Foster et al., 2013), distributed in cool temperate coastal regions of both hemispheres (Steneck et al., 2002; Graham et al., 2007). Northern Pacific kelp forests are particularly iconic, and studies on these ecosystems have become fundamental to the concepts of keystone predators, foundation species, and alternative ecological states (Estes and Palmisano, 1974; Filbee-Dexter and Scheibling, 2014; Castorani et al., 2018). Many kelp-dominated communities include sea urchins as major kelp grazers. The kelp-urchin system typically exhibits two states; forest and barrens (Mann, 1977; Filbee-Dexter and Scheibling, 2014). Various circumstances can lead to uncontrolled urchin grazing, resulting in a landscape denuded of kelp. The productivity and biodiversity of such communities are so drastically reduced that the community state is referred to as an “urchin barrens” (Graham, 2004). The transition from a forest to barrens is well-understood in North Pacific forests: predatory sunflower sea stars (Pycnopodia helianthoides) and sea otters (Enhydra lutris) control sea urchin populations, facilitating the development of dense kelp forests dominated by the species Macrocystis pyrifera and Nereocystis luetkeana. Reduction of either predatory species may drive a state transition from forest to barrens. While hydrodynamic forces are an important environmental control on kelp forest biomass in certain contexts (Reed et al., 2011; Bell et al., 2015) and are included in the model (Supplementary Section 2.1.3), here we focus on evaluating how changing ecological interactions dictate kelp forest system state.

Widespread anthropogenic extirpation of the otter resulted in the conversion of numerous forests to barrens in the nineteenth and twentieth centuries. More recently, marine heat waves, and the emergence of sea star wasting disease (SSWD) in the North Pacific devastated populations of P. helianthoides, facilitating another widespread transformation of forests to barrens (Hamilton et al., 2021; McPherson et al., 2021).


1.1. The North Pacific kelp-urchin system

Kelp forests consist of dense concentrations of giant kelp that grow from holdfasts anchored to hard substrate at depths up to 15 m. Robust stalks extend from the substrate to the surface, bearing blade-like fronds that capture light. In M. pyrifera-dominated forests, blades form a dense canopy, capturing up to 90% of incident sunlight (Wing et al., 1993; Detmer et al., 2021). Forests have diverse assemblages of other organisms, high overall primary productivity, baffle wave energy and storm surges, and are conventionally considered to be the “healthy” state (Figure 1A). Adult kelp, however, do inhibit other photosynthesizers—phytoplankton, benthic algae, and juvenile kelp (Graham et al., 1997)—because of their high light absorption and competition for substrate space. Barrens, in contrast, consist of hard substrate dominated numerically by urchins, and largely devoid of kelp or understory algae (Graham, 2004) (Figure 1B).
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FIGURE 1
 Observed and hypothetical Macrocystis pyrifera forest states. (A) Modern kelp forest state showing a dense stand of adult kelp, sparse understory algae, purple sea urchins, sunflower sea stars and a sea otter. (B) The urchin barrens state, with no kelp, a greater abundance of sea urchins, sparser understory algae, and no sea otters. (C) A hypothetical historical state, similar to (A), but with Steller's sea cow present, a more open kelp canopy, and more abundant understory algae.


Transition of a forest to barrens is often abrupt relative to the duration of the forest, and preceded by an eruption of actively foraging urchins. Typically, a large fraction of urchins live crowded into substrate crevices when predators are present, capturing and consuming the abundant drift detritus produced by the fragmentation of kelp and other macroalgal species. Two factors can increase the fraction of foraging urchins: a reduction of predation pressure or a decline in the availability of drift detritus. Lower predation pressure results in growth of the urchin population and a reduction of available crevice space and food availability, while a reduction of drift detritus leads directly to starvation, which may determine if urchins remain sheltered, or instead become mobile foragers (Kriegisch et al., 2019). In both cases, urchins will begin to leave crevices to graze directly on kelp, resulting in the death of individual kelp. This may create a positive feedback whereby the loss of adult kelp further reduces the availability of drift detritus, prompting more urchins to become mobile foragers (Karatayev et al., 2021). Furthermore, as kelp density decreases, urchin starvation increases, leading to a decline in the nutritive condition of the urchins. Otters generally avoid predation on less nutritive urchins (Smith et al., 2021), exacerbating and accelerating the transition from forest to barrens. Barrens can transition back to forest if urchin populations decline sufficiently because of starvation. Feehan et al. (2018) have shown that offshore export of particulate kelp detritus is an important food source for urchin larvae. Hence the devastation of kelp productivity by adult urchins could generate a negative feedback on the urchin population. Nevertheless, urchins appear capable of subsisting at low tissue mass for long periods of time under low nutrient conditions, a condition termed “zombie urchins” (Spindel et al., 2021). Transition to forest can also be facilitated by an increase of sunflower sea star populations, or by high recruitment of juvenile kelp (Williams et al., 2021).



1.2. Current state

The dominant state of giant kelp communities in the northern Pacific over the past several decades has been maintained by healthy populations of sunflower sea stars, and the return of stable sea otter populations in some areas of their former range. The situation changed dramatically in 2013–2014 with the outbreak of SSWD on both coasts of North America, and a catastrophic shift to a reduced kelp canopy and dominance of urchin barrens communities (Rogers-Bennett and Catton, 2019). The disease quickly devastated sunflower sea star populations, with the species disappearing entirely in large parts of its range. An additional factor in the decline of the forests may have been the onshore expansion of a persistent body of warm water, colloquially known as “the blob”, around the same time. This persistently cohesive and anomalously warm body of water, first detected in the sub-polar northern Pacific in late 2013, expanded in 2014 to encompass almost the entire west coast of North America, with sea surface temperatures reaching 2.5–3.0oC above average. The marine heat wave (MHW) persisted from 2013 to 2016 in some coastal areas (Mogen et al., 2022). It has been speculated that the warm temperatures had a detrimental effect on kelp density and productivity, with greater severity in northern California compared to central and southern areas (Rogers-Bennett and Catton, 2019). Certainly the coincidence of the MHW, SSWD, and the possibility of synergistic effects cannot be overlooked (Burt et al., 2018; Rogers-Bennett and Catton, 2019).

The heat wave and rapid decline of sea stars (Hamilton et al., 2021) were followed by widespread “outbreaks” of urchins, with increases in the numbers of actively foraging urchins and apparently local population sizes. These outbreaks resulted in the transition of numerous kelp forests to urchin barrens; for example, bull kelp (Nereocystis luetkana) was reduced by more than 90% (Rogers-Bennett and Catton, 2019). In Monterey Bay, the hypothetical setting for this modeling exercise, the outbreak of S. purpuratus that began in 2014 resulted in significant losses of kelp, and while there is evidence of recovery, that recovery has been dominated by the bull kelp, and not the formerly dominant giant kelp, M. pyrifera (Smith and Tinker, 2022). The loss of kelp productivity and alteration of the habitat has had cascading effects throughout forest communities; abalone (Haliotis) populations were reduced to 20% by 2017 (Rogers-Bennett and Catton, 2019). That state has persisted up to the present, although some recovery of kelp has been noted since summer 2021 along the coast of California (Bland, 2021). To date, the sunflower sea star remains functionally extinct from Baja California to Cape Flattery, Washington, and has disappeared entirely from large parts of its range (Hamilton et al., 2021).



1.3. A paleobiological alternative

The heavily studied giant kelp ecosystem may be historically young in parts of the North Pacific, at least in its present state. A megaherbivorous mammal, the Steller's sea cow (Hydrodamalis gigas), inhabited kelp ecosystems in the Comander Islands in historical times. This giant sirenian was first described by Georg Wilhelm Steller, a scientist who accompanied Russian commercial voyages to the islands in 1741. The species was quickly exploited as a source of fresh meat and is believed to have become extinct by 1768. Individuals attained very large sizes, up to 9 m in length, and are estimated to have weighed up to 10 tons. H. gigas was an obligate kelp feeder, apparently incapable of submerging as observed by Steller (Steller, 1751) because of its high buoyancy, and therefore browsed the giant kelp canopy available at the surface (Estes et al., 2016; Bullen et al., 2021). There are no recorded observations of the species beyond the Aleutian Islands, but fossils of H. gigas, and other members of the genus that might represent different species, are known from the Pliocene of California and Baja California, and the post-Pliocene of Japan (Domning, 1976). The genus may have evolved opportunistically with the late Neogene regional expansion of kelp forests. The rarity (34 partial skeletons have been recorded) of fossil remains makes it impossible to discern whether the genus once encompassed this entire range, including the Arctic during interglacial intervals, or if instead the range was fragmentary, responding perhaps to variable oceanographic conditions after the onset of northern Hemisphere cooling (~2.4 mya). Similarly, previous efforts to split the fossils into a phyletic lineage of multiple species is questionable (Domning, 1976), particularly given the sparsity of specimens and reliance on overall body size as a primary differentiating trait among the putative species. Nevertheless, all occurrences of Hydrodamalis, fossil and historical, imply a dependency on high productivity coastal habitats, and given body size and the angle of the snout, a feeding habit of surface browsing (Domning, 1976; Estes et al., 2016). Several hypotheses have been proposed to explain rarity, geographic restriction, and extinction of H. gigas, but none are conclusive (reviewed in Supplementary Section 1).

The impacts of megaherbivores on community structure and ecosystem functioning have been well-established (Owen-Smith, 1988; Gill, 2014; Hyvarinen et al., 2021), and their conservation is currently an issue of major concern. Given our understanding that these animals often contribute significantly to the dynamics of their communities, including stability, resilience, and state transitions, it is probable that H. gigas (and congeneric species) played a significant ecological role in kelp forest communities. Recently, Bullen et al. (2021) presented six hypotheses of how H. gigas may have structured giant kelp communities. Several of the hypotheses predict that grazing of kelp fronds by sea cows opened up the canopy, increasing light intensity in both the water column and on the seafloor (Figure 1C). One result would be increased production of non-kelp primary producers, including a higher biomass of understory algae, because the kelp canopy is known to suppress the abundances of understory algal species (Reed and Foster, 1984; Detmer et al., 2021). The authors also suggest that sea otter-urchin dynamics could have been altered if those conditions led to an increase in invertebrate prey diversity and biomass.



1.4. Ecosystem function of H. gigas—A new hypothesis

Here, we present and test an additional hypothesis of the functional role of H. gigas—that sea cow browsing would have increased the biomass of understory algae, and the concentration of drift detritus, thereby increasing the resilience of kelp forests. We define resilience as the capacity of a system, upon being perturbed, to either remain unchanged, or to recover to its state prior to disturbance. The particular case in which a system remains unchanged when perturbed is referred to as resistant. To test the hypothesis, we develop a mathematical model that describes the dynamics of a hypothetical kelp forest community off the central California coast, comprising interactions among the giant kelp (M. pyrifera), purple sea urchins (S. purpuratus), an understory alga favored by urchins (Chondrocanthus corymbiferus), sea otters (E. lutris), sunflower sea stars (P. helianthoides), and Steller's sea cow (H. gigas; Figure 2). We put forth two classes of models, referred to as “Historical” and “Modern”, with the former including the sea cow and the latter lacking the megaherbivore.
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FIGURE 2
 The complete model system, illustrating system components and interactions. Solid, red arrows indicate a positive or reinforcing impact in the direction of the link, e.g., kelp fronds have a positive impact on sea cow populations. Blue, broken arrows conversely indicate a negative, or dampening impact, e.g., kelp fronds have a negative impact on understory algae. The overall impact of a chain or loop is indicated as the product of the signs (positive or negative) of the links along the path. E.g., Steller's sea cow had a positive impact on understory algae, calculated as the product of the two negative links on the path Steller's sea cow-kelp fronds-understory algae (Organismal silhouette's courtesy of Phylopic, with the exception of the sunflower sea star. The giant kelp is attributed to H. N. Eyster.).


Although kelp density is controlled by numerous factors (Foster et al., 2013), for the purposes of the model we distill these to dominant factors, including temperature, light, hydrodynamic forces, spatial competition with understory algae, browsing of fronds by Steller's sea cows, and grazing by purple sea urchins. Understory algal density is controlled by spatial competition with kelp on the substrate, light attenuation by the kelp canopy, and sea urchin grazing. Sea urchin density in the model is controlled by sea otter and sunflower sea star predation, and the availability of drift detritus from kelp and understory algae. Browsing by sea cows is added to this description of the natural system to build the Historical model.




2. Methods


2.1. Model system

The Historical and Modern models of central Californian kelp forest are systems of biotic interactions (Figure 2) and physical parameters. Parameters are values that are fixed, or whose variation is independent of other model components, for example incident sunlight or storm events. Variables are partially or fully determined by interactions or dependence on parameters or other variables, for example species populations sizes or densities. The goals of the models developed here are: (1) to describe ecological interactions in a manner that results in a feasible forest state (i.e., with species persisting indefinitely) when the system is unperturbed; and (2) to predict system changes during and after perturbation.

The following sections outline the interactions for each model community. Complete derivations are available in the Supplementary material. Model communities are described with a system of coupled ordinary differential equations, which are simulated and solved using the Julia language. Code used to conduct simulations may be found at the Open Science Framework, URL osf.io/zvnw9. The modeling of physical parameters includes ocean temperature, day length and hydrodynamic forces, and is outlined in Supplementary material. Parameterization of biological parameters is also explained in Supplementary material. Definitions of all symbols in the following section are listed in Supplementary Table 1.


2.1.1. Species dynamics and biotic interactions
 
2.1.1.1. Kelp

M. pyrifera population dynamics are modeled as a function of an intrinsic rate of population increase, and predation by urchins and sea cows (when present). Population growth is dependent on both temperature and spatial competition with algae, where kelp are a superior competitor because of their greater access to light (Detmer et al., 2021). Population growth rate also accounts for a steady rate of extrinsic juvenile recruitment, but recruitment from external sources is dependent on spatial competition with resident adult kelp and understory algae, as well as available light at the substrate surface. Urchin predation is a source of direct kelp mortality, whereas sea cow browsing of fronds affects individual productivity and hence the population growth rate, but not mortality. Finally, storm surges are a seasonally stochastic source of mortality.

Complete kelp dynamics is expressed as
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where rM is the rate of intrinsic increase of kelp, M and F are kelp and frond density, respectively, C is understory algal density, UE is the fraction of the sea urchin population that is exposed and actively foraging, and ω1 is the kelp-urchin prey-predator interaction. (1−M/(2−C)) is a logistic limitation of kelp density reflecting exploitative competition with understory algae C. σM is a temperature-dependent rate of external recruitment, where recruits are limited by both spatial competition with understory algae and adult kelp, and shading by adult kelp ((1 − 0.003F)). UE is the density of actively foraging urchins (Supplementary Equation 14). ω1 is the predator-prey interaction between kelp and urchins. This and all subsequent such interactions are ratio-dependent Arditi-Ginzburg-Contois (AGC) interactions (Arditi and Ginzburg, 2012) (Supplementary Section 2.1.4.1). δM is wave-induced mortality (see Supplementary Section 2.1.3). The constants present in the equation represent the maximum number of fronds per kelp, 20, and the shading rate of frond density, 0.003.

Temperature-dependent parameters, including rates of intrinsic increase and σM, have asymmetric, convex, relationships with temperature, with a single maximum at an optimum temperature (Topt; Supplementary Table 1). Here, we modeled those relationships for individual species parameters using a Linex function (Supplementary Equations 1–3).



2.1.1.2. Kelp canopy

The canopy of kelp fronds at the water's surface plays several important roles in the community. The canopy absorbs a majority of incoming sunlight and inhibits primary production in the water column and benthos, including that of understory algae. Fronds are one of the major sources of algal macro-detritus, hence a food resource for urchins, and they were apparently the sole food for H. gigas.

Fronds are consumed by sea cows when they are present in the system, which in turn creates a negative feedback to kelp growth rate (dM/dt). Fronds also have a natural senescence rate at which they age and detach from the stalk. Thus,
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where rF is frond production rate (implicitly assumed to equal 1), F is frond density, H is sea cow density, ω5 is the interaction between fronds and sea cows of the AGC form (see Supplementary Equation 9), and δF is the frond senescence rate.



2.1.1.3. Drift detritus

Both kelp and the understory algae in the model contribute to drifting macrodetritus. Detritus is produced as a fixed fraction of frond and understory algal density, and becomes refractory (inedible) also at a fixed rate. Thus,
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where G is detrital abundance, the constant 0.8d−1 is derived from empirical measures of detritial production by another kelp species, Laminaria hyperborea (Pedersen et al., 2020), and 0.15d−1 is the offshore export and refraction rate. This is a donor-driven function in the sense that there is no impact of sea urchin consumption on detrital density in the model.



2.1.1.4. Understory algae

The red alga Chondrocanthus corymbiferus has been shown to be nutritious for urchins, readily consumed when available, and capable of sustaining urchins after kelp density has been reduced by large storm events (Foster et al., 2015). The alga contributes to the detrital pool, competes spatially with kelp on the substrate, is light-inhibited by the kelp, and is grazed by actively foraging urchins. Like kelp, its rate of intrinsic increase is temperature-dependent, with Topt set here at 13oC, slightly cooler than that of the kelp, based on the more limited southern extent of its range. Dynamics are given by
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where rC is the rate of intrinsic increase, and (0.03F) is the degree to which population growth is impacted by kelp frond density. ω2 is the interaction coefficient with exposed, actively foraging urchins. Understory algal abundance is capable of doubling in the absence of kelp. While the carrying capacities of each species are equal to one in the model in the presence of the other species, those bounds can be exceeded if the competing species declines. Also, as a consequence, total kelp and understory algal abundances in the current model are always approximately equal to two (varying because of hydrodynamically-driven stochasticity).



2.1.1.5. Sea urchins

Growth of the total urchin population is determined by the foraging activity of exposed urchins, detritivory by both sheltered and exposed urchins, and predation by both major predators of the urchins: sea stars and sea otters.
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where ε1 is a temperature-dependent ecological efficiency of the urchins of the same form as Equation S1, ωn are predator-prey coefficients, P is sea star density, E is sea otter density, and δ1 is the urchin mortality rate.



2.1.1.6. Sunflower stars

Pycnopodia helianthoides, like the urchins, is assumed to have temperature-dependent rates of prey interaction and ecological efficiency. Predation of sheltered vs. exposed urchins are tracked separately, and the interaction between sunflower sea stars and urchins is therefore expressed as
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where ε2 is the ecological efficiency, ω4 is the predator-prey interaction term, and δ2 is the mortality rate. ε2 is the ecological efficiency, ω4 is the predator-prey interaction term, and δ2 is sea star mortality rate. Here, perturbation refers specifically to the effect of disease outbreak on sea star populations, which was implemented as an exponential decline of the P. helianthoides population, modeled from empirical data of population decline from central and northern California (Hamilton et al., 2021).



2.1.1.7. Steller's sea cow

Hydrodamalis gigas was apparently an obligate canopy feeder, based on observations of its feeding and its buoyancy. No instances of non-human predation were ever observed, although anecdotal behavioral reports suggest that the animals were wary of orcas and swam in formations that may have shielded juveniles (Marsh et al., 2012). It is also reasonable to speculate that large sharks, particularly great whites (Carcharodon carcharias), may have preyed on juveniles. Nevertheless, no predation is included in the model. H. gigas dynamics were therefore controlled by frond availability and a natural mortality rate.
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where ε3 is the ecological efficiency with which consumed kelp was “converted” to new sea cow individuals. δ3 is the natural mortality rate.



2.1.1.8. Sea otters

Sea otters, Enhyda lutris, are present only when kelp are sufficiently abundant and urchins are healthy in the model. Otter population dynamics are ultimately kelp-dependent, dependent on urchin nutritional state. Given the ephemerality of sea otters in our model community, we assumed that the otters are drawn from a fixed metapopulation pool. Further assuming that urchin gonadal index is a function of kelp density, and thus that the presence of otters preying on urchins is likewise dependent on kelp density, we used published data of the relationship between gonadal index and otter predation (Smith et al., 2021) to derive a logistic relationship between kelp density and the probability that otters are present and foraging (Supplementary Section 2.2).
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where E is sea otter density in the community, and M is kelp density.




2.2. Perturbation

Model communities were subjected to four types of perturbation: no perturbation; a MHW to simulate the warm Pacific Ocean blob; an outbreak of SSWD; and coincident warming and disease, SSWD+MHW. Model communities were constructed as described above and simulated for a burn-in period of 200,000 days, at which point the community was assessed to be in one of two states, forest or quasiperiodic, the latter state describing oscillations between the forest and barren states (see Results). Perturbations were then applied to the models.

In the case of no perturbation, the model was simulated for an additional 14,600 days (40 years) post burn-in. Perturbations were initiated precisely 10 years after the burn-in (day 203,650). The MHW consisted of an abrupt increase of temperature 3.0oC in excess of the seasonal cycle, and lasted for 2 years (730 days), after which temperatures returned to the seasonal cycle. SSWD was also initiated 10 years after burn-in (see Equation 6), after which the sea star population was allowed to recover. Models were therefore simulated for 30 and 37 years after the termination of disease and warming, respectively, as the MHW persisted for 7 years less than SSWD.

A total of 100 simulations were performed for each of 16 total model-perturbation combinations. This included the Historical and Modern models (i.e., with and without sea cows) with either no perturbation, warming, disease, or warming plus disease, each with and without sea otters. This resulted in a total of 1,600 simulations.


2.2.1. Perturbed forests

Perturbed simulations were classified according to the scheme outlined for unperturbed simulations. Only simulations that were in the forest state at the end of the burn-in period were analyzed, as we are interested in the impact of the perturbations on forests. Those simulations could then either remain in the forest state after initiation of a perturbation, or transition to a barrens. The relative frequency of each type of response was recorded for each model-perturbation combination, of which there are 12.




2.2.2. Measuring resilience

Resilient simulations were defined as those that return to a forest state within 10 years after the end of a perturbation. The frequency of resilience was recorded for each set of simulations of a model-perturbation combination, along with the corresponding frequency of simulations that transitioned permanently away from the forest state.

Resilient simulations were further sub-categorized according to whether they exhibited no state transitions, or underwent one or more transitions but subsequently recovered permanently (within the time frame of the simulation) to the forest state. Simulations that did not undergo any transitions were categorized as resistant (Grimm and Wissel, 1997; Walker et al., 2004). Resilience was described with the time of onset of the first transition to barrens, and the time of the last transition back to forest. These two measures encompass one classic definition of ecological resilience, which is recovery time (Pimm and Lawton, 1977).





3. Results


3.1. Community states

Three states emerge from the unperturbed models, two of which have dense kelp forests. All species persist in the first forest state, corresponding to the conventional concept of a “healthy”, high diversity kelp forest (Figure 3A); we refer to this state hereon as simply “forest”. The other forested state is one in which S. purpuratus and P. helianthoides fail to persist, or do so at densities less than 1% relative to their initial values. We term this hereon specifically as “low diversity forest”. The third state is a quasiperiodic oscillation between healthy forest and urchin barrens, termed here “forest-barrens oscillation”, the latter condition being one in which algal densities are drastically reduced (Figure 3B). The barrens state is, however, unstable in our model because of continuous temperature-dependent recruitment of kelp and understory algae from external sources. Therefore, healthy forest may recover after transition to barrens, although the timescale varied among simulations.
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FIGURE 3
 Forest and forest-barrens states. Plot lines show species densities relative to density at the end of the simulation burn-in. Days 5,000–9,500 post burn-in are plotted. (A) Forest state, showing population trajectories of giant kelp (green), understory algae (blue), and purple sea urchin (purple). (B) Trajectories of the sunflower star (orange) and Steller's sea cow (brown) in forested state. (C,D) Species trajectories in the quasicyclic state. Color indications as in (A,B).


Forest, low diversity forest, and forest-barrens oscillation occurred at statistically indistinguishable frequencies (chi-squared test, χ2 = 8.9215, p = 0.1780) across all model types, yielding frequencies of 66.5% forest, 25.5% forest-barrens oscillation, and 7.7% low diversity forest. Given that systems exhibiting quasiperiodic oscillation also exhibit intervals of forest, and that intervals spent in the forest condition during oscillations are at least as lengthy as barrens intervals, then under unperturbed conditions, areas with the potential to host M. pyrifera should be forested in at least 74.4% of occurrences.

Sea urchin ecological efficiency differed significantly among the states (Figure 4) and predicts when an unperturbed simulation will produce either the forest or forest-barrens state (Supplementary Table 2). The parameter varies stochastically among simulations with the addition of a small error (Supplementary Section 3). This is reflected by the significantly different distributions of the parameter among the states (ANOVA, F = 55.32, p < 0.0001, Scheffe's multicomparison test; Figure 4A). The dominance of urchins in the system thus increases with their ecological efficiency.
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FIGURE 4
 (A) Distributions of sea urchin ecological efficiency per the three states of unperturbed systems. Unstable forest-barrens systems have the highest values. (B) Logistic regression of the high diversity forest and forest-barrens simulations against sea urchin ecological efficiency.


We evaluated the dependence of transitions between high diversity forest and quasiperiodicity on ecological efficiency with a logistic regression (χ2 = 47.65, R2 = 0.441, p < 0.00001; Figure 4B). Quasiperiodicity emerges at an efficiency of approximately 0.102, with an increasing probability of emergence as efficiency increases. The healthy forest state is still possible at those values of efficiency though, and the system is therefore capable of existing in one of the two alternative states at higher efficiency values.


3.1.1. Forest types

A comparison of population sizes of species common to all the models (M. pyrifer, C. corymbiferus, S. purpuratus, and P. helianthoides) across unperturbed models, during the final year of each simulation shows that the forest state itself differs significantly among the models (MANOVA, Wilks' λ = 0.4043, F = 9286.86, p < 0.00001). The differences are driven by an inverse relationship between giant kelp and understory algal abundances (Figure 5 and Supplementary Figure 2). Models or systems without sea otter predation have greater abundances of M. pyrifera relative to C. corymbiferus. The Historical model with sea otters has the lowest relative abundance of giant kelp, whereas the Historical model without sea otters has the highest relative abundance. Thus the forest state across all models is itself heterogeneous.
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FIGURE 5
 Forest types produced by each model type. Box plots are of average species population density during the final year of 100 unperturbed simulations. Left boxes (green)—giant kelp; right boxes (blue)—understory algae.





3.2. Response to perturbation
 
3.2.1. State transitions

Responses to perturbation were classified as either being in a forest or forest-barrens state at the end of the simulation (Figures 6A–D). Frequencies (Supplementary Table 3) were compared among model-perturbation combinations. Model types did not differ in the frequency with which they produce the forest state when unperturbed (previous section), therefore any differences when perturbed are caused by perturbations only, and do not reflect model variance.
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FIGURE 6
 Resistance, transition and resilience in response to a combined perturbation by warming and sea star wasting disease. (A) Resistant system. The sea urchin population (purple) responds positively to both warming and release from sunflower star predation, but giant kelp (green) and understory algal (blue) populations do not decline. (B) Sunflower star (orange) and Steller's sea cow (brown) populations corresponding to those in (A). Note the slight increase of the sunflower star population in response to warming, before the steep decline caused by the wasting disease. The population recovers quickly after cessation of the epidemic. The cyclicity of the sea urchin and sunflower star populations is annual, being driven by seasonal temperature variation. (C,D) A system that undergoes transition to the forest-barrens state in response to the perturbation. All populations become quasiperiodic after the transition, but the periodicity does not correspond to seasonal temperature variation, occurring at a lower frequency. (E,F) A resilient system, which transitions to quasiperiodicity, but recovers after only two cycles, a duration of approximately 4 years.


Almost all models exhibited similar frequencies of transition to the forest-barrens state, with the exception of the Historical model when subjected to SSWD+MHW. This model produced a significantly greater transition frequency when compared to other models (χ2 comparisons, α = 0.05). The pooled frequency of all other model-perturbation combinations is 3.29%, whereas it differs significantly at 32.23% when SSWD+MHW is applied to the Historical model (χ2 = 36.718, p < 0.00001).



3.2.2. Resilience and resistance

Resilient or resistant simulations began in the forest state prior to perturbation and ended in that state. Simulations were classified as resistant if barrens never appeared (Figures 6A,B), or resilient if barrens occurred but the system subsequently returned to stable forest (Figures 6E,F). Resilient systems always underwent multiple state switches between forest and barrens before returning permanently to the forest state.

The relative frequencies of resistant and resilient simulations varied significantly among model types and perturbations (Supplementary Table 4), and models fall into several groups (Figure 7). The group with the greatest number of resistant simulations was that perturbed by warming only, regardless of model type. In contrast, the group with the fewest resistant simulations comprised both the Historical and Modern models without sea otters, when subjected to SSWD+MHW. Intermediate were the Historical and Modern models with sea otters, when subjected to either SSWD, or SSWD+MHW. There is no significant difference between the Modern system and the Historical one when the latter is subjected to SSWD+MHW (compared to Modern SSWD and SSWD+MHW; χ2 = 3.24 and 3.34; p=0.072 and 0.067, respectively). The Historical model subjected to disease only, however, is significantly more resistant than the Modern models (compared to Modern SSWD and SSWD+MHW; χ2 = 12.66 and 12.78; p=0.0004 and 0.0003, respectively).


[image: Figure 7]
FIGURE 7
 Relative proportions of resistant and resilient simulations per model and perturbation type. Circles—Historical models, squares—Modern models, open symbols—systems without sea otter predation, closed symbols—systems with sea otter predation, red—warming perturbation, blue—sea star wasting disease perturbation, purple—both warming and disease. For example, the closed purple square are Modern systems, with sea otter predation, subjected to both warming and disease. Systems without sea otter predation, and subjected to disease or warming plus disease are the least resistant, whereas all systems subjected to warming only are the most resistant. Systems with sea otter predation, and subjected to either disease only, or warming plus disease, are intermediate, with the Historical system subjected to disease only being the most resistant.




3.2.3. Onset and recovery from transitions

Resilient simulations were characterized by comparing the times of onset of the first transition to barrens, and the time of permanent recovery to the forest state. Models perturbed by MHW were excluded from the analysis. There were no significant differences of either onset or recovery times among those models perturbed by SSWD (ANOVA, n = 144; onset, F = 1.06, p = 0.368; recovery, F = 0.68, p = 0.567), or SSWD+MHW (ANOVA, n = 131; onset, F = 0.70, p = 0.5; recovery, F = 0.88, p = 0.418), nor did models differ in recovery time if the perturbations were pooled (ANOVA, n = 293; recovery, F = 0.61, p = 0.747). Onset time however, differed among the pooled Historical models (ANOVA, n = 293; onset, F = 2.06, p = 0.048), with earlier onset times when sea otters are absent (Supplementary Figure 2). This is also true for the Modern model when the perturbation is SSWD+MHW (Table 1). Sea otters thus delay the onset of transitions to urchin barrens when Steller's sea cow is present, but fail to play a similar role in the Modern system when perturbed by SSWD only.


TABLE 1 Mean onset times of transition to urchin barrens, dependent on model, perturbation, and the absence or presence of sea otters.

[image: Table 1]




3.3. Predicting transition

Pre-perturbation conditions might determine whether simulations are resistant or resilient, potentially serving as predictive indicators of how communities would respond to perturbation. We tested this with a principal components analysis (PCA) of population sizes of the four species common to all models: M. pyrifera, C. corymbiferus, S. purpuratus and P. helianthoides. We analyzed population sizes during the final year before the onset of perturbation (SSWD, or SSWD+MHW). The PCA differentiates between resistant and resilient simulations (Figure 8A). Loadings of the variables indicate that the relative abundances of M. pyrifera and C. corymbiferus are the most important determinants of whether a response will be resistant or resilient (Supplementary Tables 5, 6).


[image: Figure 8]
FIGURE 8
 Principal components analysis of resistant Modern simulations. (A) Principal components scores of community states during the final year before onset of perturbations (SSWD, and SSW disease plus MHW warming). Blue points are resistant simulations, and orange points are resilient but not resistant. Vector arrows show principal component alignment of variable (population densities), and arrow lengths correspond to relative eigenvector loadings. (B) Box plots of distributions of understory algae:kelp population density ratios under model-perturbation combinations, and correspond to community states in (A). Color code as in (A).


We compared ratios of understory algae to kelp population sizes during the year before perturbation, demonstrating that those ratios differ significantly between resistant and resilient responses among all the Modern model types (Figure 8B). In each model type, that is with or without sea otters, and subjected to either type of perturbation, systems that were subsequently resistant to any transient transitions to quasiperiodicity had significantly greater ratios of understory algae to kelp. Furthermore, understory algae have larger population sizes in the presence of sea otters.



3.4. Sensitivity analyses

Variance of the intrinsic rates of increase for M. pyrifera and C. corymbiferous showed that forest states in the sensitivity simulations were the same as those generated in the standard unperturbed model. Sensitivity to consumer mortality rates indicate that while model types vary in sensitivity to this parameter, none showed sensitivity at or below 1% variation, and thus all values in the standard model are consistent with results reported here (see Supplementary material).




4. Discussion

The model generated several broad conclusions, summarized here and discussed in more detail below. First, the M. pyrifera forest state is metastable, capable of seemingly spontaneous transitions to urchin barrens, or dramatic declines of kelp density, although such transitions are transient. Second, there are multiple types of forest, defined by the relative abundances of M. pyrifera and C. corymbiferus. As expected, kelp dominates the understory algae, although the extent of dominance varies according to the presence or absence of both sea otters and Steller's sea cow. Exceptionally, historical systems with both mammals present would have had nearly equal dominance of kelp and understory algae. Third, both SSWD, and SSWD+MWH could drive transitions from forest to a forest-barrens state where forest alternates with urchin barrens. The probability of transition depends critically on the composition of the system, as well as the nature of the perturbation. In general, M. pyrifera forests are highly resistant against transition, and are otherwise resilient, with resilience being greater in the presence of Steller's sea cow.


4.1. Alternative states without perturbation

Unperturbed simulations of all model types (Historical, Historical without otters, Modern, and Modern without otters) revealed three possible alternative states of M. pyrifera giant kelp communities (Figure 3), termed here “low diversity forest”, “high diversity forest” (or simply forest), and “forest-barrens”, the latter of which transitions quasiperiodically between a forested community and urchin barrens. Why are the models capable of generating different states if unperturbed? Sea urchin ecological efficiency emerged as the single explanatory parameter (Supplementary Table 2). This parameter varies to reflect uncertainty and true variation of its value in vivo. The generation of three discrete states represents a probabilistic system bifurcation, in which state depends on a noisy parameter (Mirzakhalili and Epureanu, 2019). Higher values of urchin efficiency increase the likelihood of quasiperiodic variation and hence urchin barrens. The ecological implication is that any factors leading to an increase of that efficiency, or to its greater influence on population growth, are also likely to give rise to quasiperiodic transitions between kelp forest and urchin barrens. Sea urchin ecological efficiency is temperature dependent (see Supplementary Equation 1). Therefore, ocean warming or cooling toward optimum temperature increases the probability of quasiperiodicity.



4.2. Multiple types of forest

The models also reveal several high diversity forest types, differentiated by the relative densities of giant kelp and understory algae. There is an inverse relationship between kelp and understory algal abundances in three of the model types, with the “Historical with sea otters” model being an exception relative to the others (Figure 5). The models therefore predict that kelp forests today should vary in the relative abundances of giant kelp and understory algae that are favored by urchins, and that the variance is dependent on the presence or absence of predatory otters. We are not aware of any prior theoretical or empirical studies that have suggested this variance, but it is amenable to empirical verification. The role of the sea otter is not surprising, but conventional thought is that their positive impact is the result of controlling sea urchins (Estes and Palmisano, 1974; Estes and Duggins, 1995). Here, we suggest an additional route whereby decreased grazing on understory algae by urchins in the presence of sea otters allows the algae to attain greater densities, being limited then solely by shading and competition with kelp. Understory algae thereby become a more important alternative food resource for urchins. Thus, the sea otter as a keystone predator may be important for persistence of the forest state and increased primary producer diversity via both direct and indirect interactions.


4.2.1. A no-analog community

Our results further predict a novel type of forest that would have existed when Steller's sea cow was extant. The sirenian would have had a positive effect on understory algal abundance, further amplified by the sea otter, resulting in kelp forests where the abundance of understory algae could match or even exceed that of the kelp. Today there are no megaherbivores that feed on kelp forest canopies, and herbivory by invertebrates and herbivorous fish are unlikely to open the canopy to the extent that Steller's sea cow was able to. The decline and extinction of Hydrodamalis species would therefore have marked the demise of a type of kelp forest for which there is no analog today. Results suggest that this would have had significant effects on both forest resilience and the probability of transitions to barrens when perturbed by MHW and SSWD.




4.3. Resilience and transition

Several parameters describing the ecologies of kelp, understory algae, and the invertebrate echinoderms are temperature sensitive in the model and decline as temperature increases. These include the intrinsic rates of population increase of the producers, and the predator-prey interaction coefficients and ecological efficiencies of consumers. For example, increases of water temperature decreases P. helianthoides growth rates (Fernández et al., 2021). Furthermore, SSWD reduces the interaction strength between sea urchins and sunflower sea stars, and rapid declines of P. helianthoides have been documented to lead to increases of the fraction of urchin populations that are exposed and foraging, and declines of the urchins' nutritional state (Smith et al., 2021). In the Modern system, urchin populations would then be controlled by sea otters only, and this is apparently sufficient to maintain the system in a forested state. In the Historical system, however, Steller's sea cow continues to exert a negative impact on the kelp both through consumption of fronds, and subsequent release of understory algae from shading. The combined effects of urchin release from sea star predation, depression of kelp growth rates, and sustained sea cow grazing, is apparently sufficient to tip the Historical system into the forest-barrens state.

The Historical system when subjected to SSWD only does not have a high probability of transition because the kelp rate of intrinsic increase is not depressed by warming. Paradoxically, when the system lacks sea otter predation, it is also highly resistant to SSWD+MHW, which would appear to be inconsistent with the above explanation because urchins are now under no predation pressure. We propose a type of intermediate disturbance hypothesis (IDH) (Connell, 1978) to explain these results. The classic IDH seeks to explain the maximization of biodiversity at intermediate levels of disturbance by a minimization of competition. Here, we propose that the probability of transition to quasiperiodicity of the Historical system is maximized at an intermediate level of disturbance. The lowest level of disturbance occurs when sea otters are present and the system is perturbed by disease only; resistance is maximized because kelp and understory algae are not affected by the disease (Figure 9). The intermediate disturbance and greatest probability of transition arises when systems are subjected to SSWD+MHW, and urchins are released from sea star predation but not predation by sea otters. Maximum disturbance occurs under SSWD+MHW if sea otters are absent. In this case, we propose that the urchin population is so tightly coupled to the dynamics of its prey (kelp and understory algae) prior to any disturbance, that warming weakens this producer-herbivore coupling and the impact of the urchins on their prey sufficiently to prevent the system from transitioning easily into quasiperiodicity.


[image: Figure 9]
FIGURE 9
 (A) Schematic of intermediate disturbance hypothesis of Historical model-perturbation combination responses to perturbation. Hd, Historical community with sea otters, perturbed by SSWD; Hwd, same model perturbed by SSWD and MHW warming; Hwd, no otters, Historical model without sea otters, perturbed by SSWD and MHW warming. The y-axis expresses the hypothesis that transitions to a permanent forest-barrens state are most probable under the Hwd circumstances. Network diagrams show each corresponding system. Arrow thickness indicates relative strength of interaction. (B) Hd; (C) Hwd; (D) Hwd, no otters.




4.4. Resistance and resilience

Resistant systems are of great interest because although sea urchin populations may increase during outbreaks of SSWD or MHW (Figure 6A), resistant communities will not transition to barrens. Three conclusions can be drawn from the frequency of resistant responses. First, results fall neatly into three groups: Responses to MHW were overwhelmingly resistant, whereas those perturbed by SSWD, or SSWD+MHW, were more likely to be resistant if sea otters were present (Figure 7). This suggests that warming during 2013-2015 by itself would not have caused widespread transitions of forests to urchin barrens, but that it did act synergistically with SSWD, perhaps exacerbating the effect of the disease (Harvell et al., 2019; McPherson et al., 2021) or accelerating spread of the disease. Second, both Historical and Modern forests subjected to SSWD or SSWD+MHW, are more likely to be resistant when sea otters are present (Figure 7), confirming the keystone role of this species in maintaining giant kelp communities in the forest state. Third, the presence of sea cows confers additional resistance to the system, which we refer to as the “sea cow effect” (Figure 10).
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FIGURE 10
 Relative frequencies of resistant (maximally resilient) simulations under all perturbation-model combinations. Bars in each perturbation group are in the following order: 1 (blue)—Historical with sea otters; 2 (light blue)—Historical without sea otters; 3 (brown)—Modern with sea otters; 4 (light brown)—Modern without sea otters. Red bars represent the greater resistance of Historical vs. Modern systems when sea cows are present, termed the sea cow effect.



4.4.1. Onset of transitions

The best of all possible worlds for maintaining high density, ecologically resistant or resilient M. pyrifera forests when perturbed by SSWD, or SSWD+MHW, occurs in the presence of both Steller's sea cow and sea otters. In the present day, without the sea cow, the outcome depends on the perturbation, with the system faring best with sea otters present, and if perturbed by SSWD+MHW. The disease by itself affects the system similarly to SSWD+MHW in the absence of the otter. Although this is counterintuitive, with a combined perturbation sometimes having a lesser effect than a single one, and appearing to run counter to suggestions that warming alone can be a major driver of the transition to urchin barrens, there is a synergistic explanation (McPherson et al., 2021).

Onset time of quasiperiodicity is influenced most by the removal of sunflower sea stars (SSWD). Urchins thrive under that condition, even in the presence of sea otters. This is not the case when the Modern system is subjected to SSWD+MHW, because urchins too are affected negatively by warming and thus do not benefit from predation release to the same extent as when warming is absent. This distinction does not unfold in the Historic systems because Steller's sea cow moderates the system regardless of the presence or absence of sea otters, or the type of perturbation. Thus, the delay of a transition to urchin barrens when a Modern forest is disturbed is controlled by interactions of the sea urchins with their predators, but the delay of a transition would be enhanced in the presence of the extinct megaherbivore. Sea otters also had a delaying effect on the onset of transitions to quasiperiodicity in the Historic system. That effect is absent from the Modern system, highlighting an indirect synergistic interaction between the two mammals that was lost with the extinction of H. gigas.



4.4.2. Recovery

Recovery from the final transient barrens to a permanent forest state is invariant among the models, nor does it differ according to whether the perturbation is SSWD only, or SSWD+MHW. The mean time to recovery is approximately 9.6 years after the onset of SSWD. The disease itself persists for 10 years in the model, and P. helianthoides populations recover rapidly after that. Kelp forests are beginning to recover in 2022 at various locations in California, 9 years after the first appearance of SSWD (Bland, 2021). Many of these areas are the sites of conservation and restoration efforts that consist of large scale removal of urchins, and in some locations of northern California the re-planting of bull kelp, N. luetkeana (Williams et al., 2021; Eger et al., 2022). The congruent timing of these efforts with the average recovery time predicted by our modeling might be coincidental, but urchin removal does mimic the recovery of sunflower sea star populations (Williams et al., 2021), and the model supports the timing as being optimal for forest recovery. Filbee-Dexter and Scheibling (2014) have suggested that the barrens state may be unstable because of predation, a contention supported by the positive impact of recovering P. helianthoides populations in our model. Unfortunately, evidence for initial sea star recovery from SSWD is currently equivocal at best (Hamilton et al., 2021).




4.5. Restoring functionality and regenerating forests

Predictions of Steller's sea cow's impact on kelp forest dynamics depend on the type of perturbation, as well as organismal traits. Models predict that restoration of sea cow functionality in the form of reducing canopy cover could be key to both the resistance and resilience of M. pyrifera forests when sea otters are absent. Could a framework of enhanced resilience be implemented by operationalizing model results? Artificial restoration would depend on extensive experimental testing prior to any such actions. Given the complicated nature of the system's dynamics, the circumstances under which frond removal is done would depend on the perturbation, as well as the presence/absence of sea otters. The dynamics of unperturbed central Californian kelp forests are not steady state, as shown by multi-decadal records of canopy cover (Bell et al., 2015). In fact it could be argued that quasiperiodicity on a timescale longer than predicted by our model might be common. Both our model and canopy cover records from northern California (McPherson et al., 2021) suggest that MHW alone may be insufficient to trigger the transitions observed in the past 10 years. Instead, a decline in predation pressure and/or a synergy with warming are more likely culprits.

Given uncertainty about H. gigas consumption rates, the intensity of artificial browsing by canopy reduction would have to be established experimentally. Experiments would also be necessary to assess the roles of other species; for example, the impacts of urchin predators such as the sheephead Semicossyphus pulcher (Eisaguirre et al., 2020). Finally, experiments could facilitate the re-direction of kelp productivity back into the forest community. Today, significant amounts of kelp productivity are exported offshore in the form of kelp detritus, where it is believed to comprise a major nutrient supply to the offshore water column (Smale et al., 2021). That export would have been less in the presence of the sea cow, and the egestion and excretion of the megaherbivore would have created a significant nutrient feedback directly into the forest community that is no longer present. Harvesting of the kelp canopy with local retention of degraded detritus could therefore recreate some ecological functionality of the sea cow, increasing forest resilience under certain circumstances while providing an additional nutrient source to the community.



4.6. Proposing a new approach

What is the current status (e.g., diversity, resilience, integrity) of an ecosystem? What did this ecosystem look like in the past? Given current trends of anthropogenic change, what kinds of interventions, in what order and over what time period, are most likely to generate positive results? Answering these questions requires a PPF lens that extends the standard time frame of conservation, and utilizes multiple tools and types of data. Conservation paleobiology is the temporal framework for exploring paleoecological snapshots (Dietl and Flessa, 2011) that extend at least as far back as the Pleistocene or early Holocene. Mathematical modeling, which is at the core of this study, has potential to interweave diverse data streams (Scheffer, 2020) and, in doing so, provide answers to the above questions. The methodology advocated here can be summarized as follows. First, establish basic ecological models of a present-day ecosystem, including both environmental conditions and biological components. Second, integrate historical and/or paleontological data to explore putative past states of that ecosystem, emphasizing key elements that no longer exist. Third, integrate the first and second steps to create mathematical models of possible future ecosystem states. Finally, generate predictions about the likely impacts of specific interventions in order to inform experimentation, policies, and action.




5. Summary

As anthropogenically-driven environmental changes multiply, intensify and become more permanent features of the natural world, we will need an increasingly diverse and powerful set of tools to address the conservation and regeneration of natural systems. Similarly, as species decline, and extirpations and extinctions increase, historical and paleontological studies must be brought to bear to understand the altered states of modern ecosystems. We believe that the PPF modeling approach advocated in this paper has considerable potential to address these concerns. Here, we combined paleontological, historical and ecological data into a mathematical model of how an extinct marine megaherbivore might have affected the dynamics and resilience of an important coastal marine ecosystem. Those effects were generally non-trivial and often counterintuitive. On one hand, the sea cow may have increased the probability that giant kelp forests would switch to an alternative state exhibiting periodic urchin barrens when subjected to marine heat waves and sea star wasting disease. On the other hand, forests that did not transition permanently to an alternative state would have been significantly more resilient compared to the present. When both sea cows and sea otters were present in historical forests, they would have interacted indirectly to increase resilience, a function that the sea otters today apparently do not fulfill.

There is a growing appreciation of the roles of extant and extinct marine megafauna as ecosystem engineers (Pyenson and Vermeij, 2016). Direct impacts of large vertebrates include physical habitat restructuring, consumption of large quantities of biomass at or near the base of food chains, facilitation of processes vital to the survival of other species, and flux rates and transport of nutrients. To this may be added the browsing of giant kelp canopies by Steller's sea cow. Important functions of megafauna may extend well beyond such direct impacts, however, and include the indirect interactions and impacts of these powerful consumers that affect community resilience and alternative state dynamics. Efforts to conserve and regenerate natural systems can, in our opinion, benefit from consideration of novel, mathematically rigorous interventions like the one proposed here.
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Conservation paleobiology has coalesced over the last two decades since its formal coining, united by the goal of applying geohistorical records to inform the conservation, management, and restoration of biodiversity and ecosystem services. Yet, the field is still attempting to form an identity distinct from its academic roots. Here, we ask a deceptively simple question: What is conservation paleobiology? To track its development as a field, we synthesize complementary perspectives from a survey of the scientific community that is familiar with conservation paleobiology and a systematic literature review of publications that use the term. We present an overview of conservation paleobiology’s research scope and compare survey participants’ perceptions of what it is and what it should be as a field. We find that conservation paleobiologists use a variety of geohistorical data in their work, although research is typified by near-time records of marine molluscs and terrestrial mammals collected over local to regional spatial scales. Our results also confirm the field’s broad disciplinary basis: survey participants indicated that conservation paleobiology can incorporate information from a wide range of disciplines spanning conservation biology, ecology, historical ecology, paleontology, and archaeology. Finally, we show that conservation paleobiologists have yet to reach a consensus on how applied the field should be in practice. The survey revealed that many participants thought the field should be more applied but that most do not currently engage with conservation practice. Reflecting on how conservation paleobiology has developed over the last two decades, we discuss opportunities to promote community cohesion, strengthen collaborations within conservation science, and align training priorities with the field’s identity as it continues to crystallize.

KEYWORDS
 conservation paleobiology, conservation science, cross-disciplinarity, geohistorical records, survey, systematic literature review


Introduction

Conservation paleobiology (CPB) has emerged as a named area of study in the last 20 years that aims to deepen the temporal perspective of conservation science (Dietl and Flessa, 2011; Dietl et al., 2015). Monitoring and instrumental records have documented the transformation of ecosystems over the last several decades, but they often follow in the wake of millennial-scale human impacts (Jackson, 1997; Dayton et al., 1998; Lotze et al., 2006). To track longer trends of environmental change, CPB uses an assortment of natural archives including tree rings, middens, cores, death assemblages, and other fossil deposits—also known as geohistorical data (National Research Council, 2005; Dietl and Flessa, 2011). For example, these records have been analyzed to reconstruct historical variability in ecosystems (Foster and Motzkin, 1998; Wolfe et al., 2001; Keane et al., 2009), disentangle the rates and drivers of degradation (Pandolfi et al., 2003; Lotze et al., 2006; Cramer et al., 2020), evaluate extinction risk (Harnik et al., 2012; Finnegan et al., 2015; Spalding and Hull, 2021), and measure biotic responses to stressors over decades to millions of years (Willis et al., 2010; Sibert et al., 2016; Fraser et al., 2021). Collectively, CPB research links our past and future: it can illuminate how ecosystems fared under previous environmental conditions, contextualize present-day ecosystem states, and inform predictions about future scenarios (Burnham, 2001; Davies and Bunting, 2010; Dietl and Flessa, 2011; Dietl et al., 2015; Dietl, 2019; Grace et al., 2019).

Although the field was formally named in 2002 (Flessa, 2002), research topics that might now be described as CPB have a long history of study. We refer to CPB as a field here for consistency but encourage ongoing discussion about its disciplinary status (Dietl, 2016). Thematically similar research occurred for several decades previous to and in parallel with CPB’s development as a field, pushed forward by allied disciplines such as archaeology, historical ecology, paleoecology, and paleolimnology (Vegas-Vilarrúbia et al., 2011). For example, these studies recorded the environmental effects of acid rain (Cumming et al., 1992; Smol, 1992; Wilson et al., 1996; Battarbee, 1999; Battarbee et al., 1999; Smol et al., 2002), fire disturbance (Heinselman and Wright, 1973; Swain, 1973; Wright, 1974; Timbrook et al., 1982; Clark, 1989, 1990), climate change (Wright, 1966, 1983, 1993; Graham, 1988; Davis, 1989; Delcourt and Delcourt, 1998), overharvesting (Betancourt and Van Devender, 1981; Pauly, 1995; Jackson, 1997; Grayson, 2001; Jackson et al., 2001), and extinctions (e.g., Pleistocene megafauna extinction, Martin and Wright, 1967; Barnosky, 1986; Martin and Klein, 1989) across lacustrine (Davis et al., 1986, 2000; Zabinski and Davis, 1989; Smol, 1992; Brenner et al., 1993; Cole et al., 1998), marine (Baumgartner et al., 1992; Dayton et al., 1998; Finney et al., 2000; Jackson, 2001), and terrestrial (Van Devender and Spaulding, 1979; Betancourt et al., 1990; Hadly, 1996, 1999; Jackson and Overpeck, 2000) habitats. The collection of studies showcased here is not exhaustive and represents only a fraction of the extensive body of work from which CPB has grown (for an overview of historical developments contributing to CPB, see: Swetnam et al., 1999; Vegas-Vilarrúbia et al., 2011; Birks, 2012; Dietl and Flessa, 2017; Wingard et al., 2017; Tyler and Schneider, 2018 and references within).

Following the field’s naming, research identifying itself as CPB remained sparse for the first decade as momentum was building (Figure 1). Even so, the conservation relevance of geohistorical records became increasingly recognized, fueled by their inclusion in prominent reports produced by international (e.g., Jansen et al., 2007) and government entities (e.g., National Research Council, 2005). In parallel, a conceptual (e.g., Willis and Birks, 2006; Jackson and Hobbs, 2009; Keane et al., 2009; Birks, 2012; Kidwell, 2015) and practical (e.g., Behrensmeyer et al., 2000; Kidwell, 2002, 2007, 2013; Terry, 2010; Behrensmeyer and Miller, 2012; Kidwell and Tomasovych, 2013; Rick and Lockwood, 2013) foundation of knowledge was assembled to interpret geohistorical data in the context of present-day conditions.

[image: Figure 1]

FIGURE 1
 (A) Timeline of key events in CPB’s development following its coining in 2002, alongside (B) the number of publications in the literature review that used the term “conservation paleobiology” per year from 2002 to 2021 (Flessa, 2002; Cintra-Buenrostro, 2005; Foote and Miller, 2007; Simões, 2009; Dietl and Flessa, 2011; Louys, 2012; Dietl et al., 2015; Guerrero-Arenas and Jiménez-Hidalgo, 2015; Barnosky et al., 2017; Tyler and Schneider, 2018).


The late 2000s and early 2010s saw several key events that crystallized CPB (Figure 1). A 2009 short course sponsored by the Paleontological Society produced the first edited volume of paleobiological research under a unified CPB framework (Dietl and Flessa, 2009). Soon after, Dietl and Flessa (2011) published what continues to be a highly cited review of CPB. As knowledge continued to grow (e.g., Louys, 2012), a working group funded by the U.S. National Science Foundation was convened to integrate CPB with the broader academic community (Conservation Paleobiology Workshop, 2012). This working group culminated in an influential review outlining the utility and application of geohistorical analyses to conservation practice (Dietl et al., 2015). Subsequent years have seen additional reviews (e.g., Vegas-Vilarrúbia et al., 2011; Barnosky et al., 2017), perspectives (e.g., O’Dea et al., 2017; Dietl, 2019; Kelley et al., 2019), and edited works (e.g., Tyler and Schneider, 2018; Turvey and Saupe, 2019) that have advanced the field and increased its visibility. Today, CPB conference sessions and courses are commonplace across paleontological, and increasingly ecological, venues (Tyler and Schneider, 2018; Figure 1). Additionally, universities have recently begun to advertise calls for faculty positions in CPB.

As demonstrated by the increased usage of the term “conservation paleobiology” in recent years (Figure 1), a community of conservation-minded scientists has found a theoretical umbrella to call home as they seek to apply geohistorical records to mitigate threats to biodiversity. For example, the Conservation Paleobiology Network1 created a nucleus around which an international group of scientists spanning many disciplines (e.g., archaeology, ecology, paleontology, and restoration) has assembled. In turn, the field has expanded its disciplinary breadth and objectives. This growth can be attributed to several factors, including the urgency to address the biodiversity and climate crises as well as the diversity of geohistorical records available (Gorham et al., 2001; Sutherland et al., 2009; Dietl et al., 2015; Barnosky et al., 2017; Ripple et al., 2017; Fordham et al., 2020). However, the field’s identity is still forming, blurred by its deep roots in established disciplines and wide range of associated research.

Here, we ask a deceptively simple question: What is CPB? To address this question, we present an overview of CPB’s research and development through the lens of a community survey and systematic literature review spanning the last 20  years. In particular, we compare survey participants’ perceptions of what CPB is and should be as a field—both in terms of its research scope and applications to conservation practice—with work that is self-described as CPB. We then discuss where the field might be heading in the future based on our analysis of past and current research trends. Our inventory of CPB is timely: interest in the field is expanding, as are efforts to slow the alarming rate of environmental change and biodiversity loss. To better support these efforts, we need to coordinate our diverse research agendas, demonstrate their applied value to conservation decision-makers, and train conservation paleobiologists with relevant skills to contribute to conservation successes. This next stage of development begins with a mutual understanding of what CPB is as an area of study and how the community’s vision will shape the field’s identity and direction as it comes of age.



Materials and methods

To examine CPB’s research and development as a field, we used a two-pronged approach. First, we surveyed the scientific community that is familiar with CPB. Simultaneous to the survey, we systematically reviewed the scientific literature that describes itself as CPB. We synthesized these complementary perspectives to outline the research scope of CPB and compare what the field is currently with what survey participants thought it should be.


Community survey

We developed an Internet-based survey to understand the state of CPB from the viewpoint of researchers, practitioners, and instructors who have thought about the intersection between conservation and paleobiology. We aimed to capture the perspectives of scientific professionals working inside and outside of academia who represent a variety of backgrounds in terms of their disciplines, career stage, training, location, and level of engagement with CPB. Participation was solicited through listservs (Conservation Paleobiology Network, PaleoNet, Paleontropica, and ECOLOG-L), social media (Facebook and Twitter), and personal networks (see Supplementary material for the solicitation letter).

The survey was written in English and distributed through the Qualtrics platform. The Ethics Commission of the Friedrich–Alexander University Erlangen–Nürnberg (Application Number: 22-68-ANF) granted the survey exempt status due to its low or minimal risk to subjects. Participation was voluntary, and no incentive was offered in exchange for partaking in the survey. The survey was open for responses from March 7–27, 2022.


Survey structure and analysis

We structured the survey around three themes: (1) participants’ professional backgrounds; (2) their CPB work (if applicable); and (3) their perceptions of CPB’s research scope and application to conservation practice. We defined conservation practice to incorporate all aspects of conservation, management, and restoration. The survey consisted of 44 optional questions presented in several formats, including multiple-choice, checkbox, Likert scale, and short-answer (see Supplementary material for the survey questions).

We first asked participants about their professional backgrounds to quantify who interacts with CPB and to evaluate potential biases in our survey sample. We included questions about participants’ disciplinary affiliations, career stage, highest degree, workplace, geographic location, and whether they conduct work that they consider to be CPB. By surveying a broad cross-section of scientific professionals working in disciplines utilized by CPB, we obtained responses from participants who did (henceforth “conservation paleobiologists”) and did not conduct work that they considered to be CPB. This sampling design was used to (1) characterize who works in CPB and (2) facilitate comparisons between survey participants who did and did not directly work in the field. The survey responses were further disaggregated by career stage to explore whether participants who began engaging with CPB at different points in its development perceive the field differently. When consistent, we share perspectives from the full survey sample.

Conservation paleobiologists who participated in the survey were asked additional questions about their past or current CPB work. These questions pertained to the types of data they use as well as the timescales, organisms, habitats, and regions they study. We also asked participants about conservation issues to which their work could contribute. To evaluate their engagement with conservation decision-makers, we asked participants how often they work with, or are mentored by, individuals outside of academia (defined as conservation practitioners, elected officials, resource managers, or policymakers). We used these questions to describe the range of research conducted by conservation paleobiologists who participated in the survey.

Lastly, we evaluated survey participants’ perceptions of the research scope, objectives, and applications of CPB to conservation practice. These questions touched on five topics: (1) CPB’s definition; (2) disciplines from which CPB can incorporate information and how it differs from them; (3) temporal and spatial scales of CPB research; (4) CPB’s relevance to contemporary conservation issues; and (5) challenges and opportunities for the field’s development. We used these questions to assess participants’ perspectives about what the field should be.

We categorized the responses from certain questions prior to analysis to enable comparisons across the survey data. These included the questions pertaining to disciplines and career stages as well as the short-answer questions. Disciplines were grouped into the following categories: “anthropology and archaeology,” “biology and ecology,” “conservation science,” “conservation paleobiology,” “geosciences,” “paleoclimatology,” and “paleontology.” Career stages were grouped into early, middle, and late stages. The early career stage included students and early career scientists with up to seven years of experience after their highest degree; the mid-career stage included scientists with seven to 12 years of experience after their highest degree; and the late career stage included scientists with over 12 years of experience after their highest degree, in addition to retirees. We extracted key themes from the short-answer questions to summarize the breadth of responses. Two or more authors determined the categories for each short-answer question and ascribed categories to each response. Details about how the survey responses were categorized are provided in the Supplementary methods. A table of the survey responses can be downloaded at: https://doi.org/10.5281/zenodo.7023651.




Literature review

To investigate the scope of published CPB research since the field’s naming, we conducted a systematic literature review of publications that were self-described as CPB. We focused only on publications using the term to track its usage through time and reduce subjectivity when assigning research outputs to the field. This approach inherently excluded formative literature that preceded the term’s coining as well as publications that might be considered to be CPB but were not labeled as such. It yielded a structured collection of “self-conscious” CPB research (see Szabó, 2015).


Literature selection

To capture a broad set of peer-reviewed publications, we acquired bibliographic records from 2002–2022 through keyword searches in Scopus, Web of Science, and Google Scholar (Supplementary Figure S1). The searches were conducted on March 3rd, 2022. We used the Scopus and Web of Science platforms to query for publications written in English that contained the search terms “conservation paleobiology” or “conservation palaeobiology,” which returned 571 publications. Google Scholar was used to query for documents in Spanish (search term: “paleobiología de la conservación”), Portuguese (search term: “paleobiologia da conservação”), and French (search term: “paléobiologie de la conservation”). These searches yielded an additional three publications. The keyword search in Scopus also returned one publication written in Japanese with an English abstract that was omitted due to the lack of a Japanese speaker on the author team. We did not include theses or conference proceedings in the search results (see Supplementary methods, Supplementary Figure S2).

Following the PRISMA methodology (Preferred Reporting Items for Systematic Reviews and Meta-Analyses; Moher et al., 2009), we reviewed the full text of the 574 publications yielded from the keyword searches to remove duplicates and determine whether they met the inclusion criteria (Supplementary Figure S2). To be included, publications had to use the term “conservation paleobiology” (or one of the aforementioned variations of the term) in the title, keywords, abstract, or main text (n = 148). Many publications (n = 426) were eliminated because CPB was only mentioned in the references. To avoid double-counting data (i.e., multiple publications derived from the same data), we only included original research and meta-analyses in the final synthesis (n = 94; see Supplementary material for the list of publications). None of the non-English publications met the inclusion criteria (Supplementary Figure S2).



Literature coding

Information extracted from the eligible publications was designed to mirror the survey (and vice versa) to enable comparison. We collected metadata from each publication, specifically author affiliations, title, journal, publication year, and article type. Additionally, we coded each publication’s contextual information, which included the research location, data type, whether the data came from the near- or deep-time record (using the end of the Quaternary Period, 2.58 million years, as a cutoff; Dietl et al., 2015), maximum age of the data, temporal resolution, and spatial scale. We also coded the ecological focus (taxonomic group, taxonomic resolution, and habitat type) as well as the conservation focus (conservation issue). Finally, we recorded any definitions of CPB. Details about the coding methodology are provided in the Supplementary methods.

Two or more authors coded each publication to ensure quality control. To standardize this process, all coders first extracted data from a training set consisting of three randomly selected publications. Following consensus on the training set, publications were randomly allocated to coders in batches of 10–15. We held group discussions after each round of coding to review categories or publications that were difficult to code. Each coded publication was then reviewed by at least one other coder, and any discrepancies were discussed and mutually agreed upon between coders to establish inter-coder reliability. All analyses were performed in R version 4.2.1 (R Core Team, 2022).





Results and discussion

We synthesized data from the survey and literature review to capture past, present, and forward-looking perspectives about CPB. These perspectives provided a foundation for ongoing discussion about what CPB is as an area of study. The survey data consisted of 196 responses (n = 122 who conducted work that they considered to be CPB, n = 74 who did not). Most participants accessed the survey through the Conservation Paleobiology Network (38%, n = 72) and PaleoNet (27%, n = 52) listservs or through Twitter (17%, n = 31). Survey participants spanned a variety of career stages (undergraduate students to retirees), although participation was skewed toward early career scientists (Supplementary Figure S3). The pool of participants represented many disciplines adjacent to and including CPB: paleontology (31%, n = 144), biology and ecology (26%, n = 117), conservation paleobiology (11%, n = 50), geosciences (11%, n = 48), conservation science (10%, n = 45), anthropology and archaeology (6%, n = 28), and paleoclimatology (3%, n = 13; Figure 2). Around a quarter (24% n = 46) of participants worked outside of academia (Supplementary Figure S4), which not only illustrates the communication gap between academics and conservation practitioners (e.g., many resource managers might not subscribe to the listservs through which the survey was distributed) but biases the perspectives shared in this inventory of the field. Thirty-six countries were represented across the survey responses, although participation was dominated by scientists employed or trained in the United States (46%, n = 190) and Europe (35%, n = 144; Figure 3A and Supplementary Figure S5). We acknowledge, however, that the survey was only distributed in English, which might have skewed the survey population that we were able to reach.
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FIGURE 2
 Disciplinary affiliations of survey participants who did (yellow) and did not (green) conduct work that they considered to be CPB. Participants were able to select up to three disciplines to describe their expertise. Disciplines were grouped to facilitate visualization (see Supplementary methods for the grouping methodology). Disciplinary affiliations overlapped between these two groups of participants.
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FIGURE 3
 (A) Map of countries in which survey participants who self-identified as conservation paleobiologists were based, compared with author affiliations in the literature review. (B) Map of countries in which CPB research was conducted in the survey and literature review. Colors correspond with the proportional representation of authors per country in the survey versus the literature review, discretized into nine bins. Countries shown in white were not represented in either the survey or literature review. CPB is predominantly conducted by scientists based in the United States, Europe, and Australia, although their research spans most continents.


Whereas the survey assessed participants’ research and perceptions of CPB, the literature review provided a record of completed research. The literature review consisted of 94 peer-reviewed publications that were self-described as CPB and presented either original data (89%, n = 84) or a meta-analysis (11%, n = 10). Articles were published in a variety of paleontological, geological, ecological, and conservation biology journals. Publication dates spanned a 17-year period between 2005 and 2022, with a majority (77%, n = 72) of articles published since 2015. The literature review did not include the article that coined the term “conservation paleobiology” (Flessa, 2002) because the quarterly magazine in which it was published (American Paleontologist) no longer exists and is not indexed on the Scopus or Web of Science platforms.


Who does conservation paleobiology, and where?

To describe the backgrounds of scientific professionals in CPB, we examined both survey participants who self-identified as conservation paleobiologists and author metadata in the literature review. Of the conservation paleobiologists who responded to the survey, participation was highest among early career scientists, consistent with the full participant pool. Undergraduate students, graduate students, and other early career professionals comprised 55% (n = 65) of the self-identified conservation paleobiologists, with mid- (17%, n = 20) and late career (28%, n = 33) participants attaining modest representation. The level of experience specific to CPB also varied across participants: 46% (n = 54) had been conducting work that they considered to be CPB for at least five years, and 25% (n = 28) had done so for at least 10 years (Supplementary Figure S3). At the same time, 54% (n = 64) of participants had only started working in the field over the last four years, and this group of newcomers included all career stages (Supplementary Figure S3). This distribution of career stages and experience levels demonstrates that the field skews young and is set to expand, particularly given the high buy-in from early career scientists who typically hold optimistic opinions about the application of paleontological research to conservation problems (Kiessling et al., 2019).

Conservation paleobiology’s cross-disciplinarity (sensu Tress et al., 2005) was reflected in the survey responses (Supplementary Figure S6). Most participants who self-identified as conservation paleobiologists carried out their work in paleontology (29%, n = 85), biology and ecology (24%, n = 72), and the geosciences (10%, n = 29; Figure 2 and Supplementary Figure S7). Only 17% (n = 50) included conservation paleobiology in the list of disciplines used to describe their expertise (Figure 2 and Supplementary Figure S7), suggesting that CPB might be a secondary priority for many. Affiliations with conservation science (e.g., conservation biology and restoration ecology) were conspicuously low (8%, n = 25), possibly because of how the survey solicitation was phrased or where it was distributed. Participants who carried out their work in archaeology and anthropology (7%, n = 23) or in paleoclimatology (3%, n = 10) were also rare. Most conservation paleobiologists received their highest degree in the geosciences (31%, n = 39), biology and ecology (27%, n = 34), paleontology (26%, n = 32), and anthropology and archaeology (10%, n = 13). This diverse distribution of disciplines overlapped with the participant pool that did not self-identify as conservation paleobiologists (Figure 2), such that a participant’s disciplinary background alone did not correspond with whether they had worked or are working in CPB.

Conservation paleobiology research is concentrated in certain geographic regions. Around a quarter (27%, n = 51) of survey participants conducted their CPB work in the United States, a geographic bias that was mirrored in the literature review (Figure 3B). European countries (collectively 35%, n = 58) and Australia (3%, n = 8) comprised much of the remainder, with little research conducted in Latin America and the Caribbean, Asia, the Pacific Islands, and Africa in both the survey and literature review (Figure 3B and Supplementary Figures S5, S8). This pattern was further amplified when we examined the institutional affiliations of survey participants and authors in the literature review (Figure 3A). The uneven geographic distribution of CPB research echoes that of related disciplines, such as conservation biology (Trimble and van Aarde, 2012; Di Marco et al., 2017), paleontology (Raja et al., 2022), and ecology (Martin et al., 2012; Nuñez et al., 2021), which are largely practiced in northern America and western Europe. These geographic patterns might stem from variation in the term’s usage or spread across regions, bias in the survey distribution or language, inequities in the allocation of research funding, and spatial variation in sampling effort or data availability (Close et al., 2020; Benson et al., 2021; Stefanoudis et al., 2021; Raja et al., 2022), rather than reflecting areas of high conservation priority or biodiversity (e.g., Lawler et al., 2006; Halpern et al., 2008; Harfoot et al., 2021). For example, the term “conservation paleobiology” originated in the United States before spreading to other countries through conference sessions (Tyler and Schneider, 2018) and the Conservation Paleobiology Network (Figure 1), contributing to its disproportionate popularity in the United States. Indeed, work that could be called CPB was widely conducted before the field’s coining, so the apparent geographic bias of self-described CPB research likely tracks the dispersion of the term in combination with the uneven spatial distribution of paleontological research.



What is the scope of conservation paleobiology research?

The diverse suite of research that CPB now encompasses has expanded yet blurred the field’s boundaries. These research trends shape the direction of its disciplinary growth and the extent to which it provides relevant information to meet the needs of the conservation community. To describe CPB’s research scope, we quantified the data types, taxonomic groups, habitats, and spatiotemporal scales of research reported in the survey and literature review. We then evaluated this landscape of research in light of its perceived conservation relevance and threats to biodiversity, highlighting emergent topics.


Datasets and research topics

Conservation paleobiology can incorporate retrospective insight from many different geohistorical records. Research reported in the survey and literature review used a variety of data types, including presence-absence, abundance, trait, geochemical, climate, and spatial data (Supplementary Figure S9). This diversity of data types suggests that conservation paleobiologists collectively possess a wide range of methodological and analytical skills. When asked about opportunities for CPB’s development, many survey participants emphasized the importance of maintaining the field’s rich academic foundation in primary research (e.g., proxy development, geochronology, taxonomy, and taphonomy), which underpins its applications to conservation.

Geohistorical records have the potential to inform a variety of conservation issues. In the survey, conservation paleobiologists indicated that their work could contribute to our understanding of climate change (19%, n = 59), habitat change (16%, n = 50), biodiversity loss (13%, n = 40), ecosystem resilience (11%, n = 36), extinction risk (9%, n = 30), and biotic interactions (9%, n = 28), among other issues (Supplementary Figure S10). These conservation issues span both species-level (e.g., extinction risk and biotic interactions) and ecosystem-level (e.g., climate change and habitat change) stressors and play out over various scales. A similarly broad range of topics appeared in the literature review: 19% (n = 18) of publications focused on habitat change, 11% (n = 10) on climate change, 10% (n = 9) on biodiversity loss, and 7% (n = 7) on extinction risk, among other issues (Supplementary Figure S10). Some publications were method-based and did not address a specific conservation issue (19%, n = 18).

Climate change has emerged over the past two decades as an important opportunity for academic growth within CPB. A recent survey of marine conservation biologists identified climate change as the most pressing threat to biodiversity for which geohistorical data could be used to understand the impacts (Smith et al., 2018). Similarly, a survey of the paleontological community found the fossil record to be best suited for addressing priority questions in conservation science related to climate change (Kiessling et al., 2019). Funding for climate science is also expanding, in turn driving research agendas (e.g., Overland et al., 2021; AbdulRafiu et al., 2022; Sovacool et al., 2022) and increasing the availability of high-resolution (paleo)climate data (e.g., Brown et al. 2018). Given overlap between the urgent need to tackle the climate crisis and CPB research on this topic (Supplementary Figure S10), framing data outputs in relation to climate stressors, when appropriate, might increase the perceived conservation relevance of geohistorical records (e.g., Smith et al., 2018). Additionally, efforts could be made to bolster connections between the CPB and climate research communities (e.g., Fordham et al., 2020; Yasuhara et al., 2020), particularly given the longstanding contributions of paleoecology to climate reconstructions (Davis, 1989; Huntley, 1990; MacDonald et al., 2008).



Taxonomic groups

Both the survey and literature review revealed that CPB research is not evenly distributed across taxa, with most of the research focusing on a few taxonomic groups. Survey participants who self-identified as conservation paleobiologists primarily studied marine invertebrates (27%, n = 57) and terrestrial or freshwater vertebrates (19%, n = 41), although many taxonomic groups were represented across their work (37% invertebrates [n = 79], 32% vertebrates [n = 69], 15% plants [n = 32], and 13% microorganisms [n = 28]; Figure 4A). More specifically, molluscs (20%, n = 50) and mammals (18%, n = 44) emerged as common focal taxa in the survey. Publications in the literature review also concentrated on these taxonomic groups, with 43% focusing on marine invertebrates (n = 40; primarily molluscs) and 32% focusing on terrestrial or freshwater vertebrates (n = 30; primarily mammals; Figure 4B). Research on these groups has undoubtedly been aided by the availability of preservable hard parts, given that some taxa and environments are better preserved in the rock record than others (Kidwell and Flessa, 1996; Foote and Sepkoski, 1999; Shaw et al., 2020). Their taphonomy has also been well-studied (e.g., Behrensmeyer, 1978; Behrensmeyer et al., 2000; Kidwell et al., 2001; Kidwell, 2002, 2007, 2013; Kosnik et al., 2009; Terry, 2010; Behrensmeyer and Miller, 2012; Miller et al., 2014; Tomašových et al., 2016), facilitating inferences about how these organisms respond to environmental stimuli. In contrast, microorganisms received less attention than most other groups (Figure 4) despite their importance in climate research (e.g., Yasuhara et al., 2020).
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FIGURE 4
 Relative proportions of taxonomic groups and habitats studied by (A) survey participants who self-identified as conservation paleobiologists and (B) publications in the literature review. Four survey participants worked on taxa that were not included in the categories provided (e.g., terrestrial fungi). Marine and terrestrial (including freshwater) habitats received similar attention across CPB research, although marine invertebrates and terrestrial vertebrates were disproportionately studied relative to other taxonomic groups. Graphics were obtained from the PhyloPic image library and are attributed to: K. S. Collins, T. J. Cunha, Y. Wong, N. Vitek, H. N. Eyster (CC BY 3.0), D. W. Bapst (modified from Figure 1 of Belanger (2011) PALAIOS; CC BY 3.0), I. Contreras (CC BY 3.0), and T. M. Keesey and Tanetahi (CC BY 3.0).


Our findings highlight the taxonomic scope of self-described CPB research, although it represents a subset of the work that could be classified as CPB. In contrast, a review of a more expansive set of publications that applied geohistorical data with the intent of informing conservation, management, and restoration (broadly CPB, but not necessarily using the term) had a different taxonomic skew. Over half of these studies focused on plants, with vertebrates and invertebrates receiving relatively less attention (Groff et al., 2022). This discrepancy likely stems from differences in how scientists describe their work. For example, many palynologists might not explicitly refer to their research using the term “conservation paleobiology,” decreasing the representation of plants in the self-described CPB literature. Although both sets of publications have the potential to influence conservation decisions, the term’s usage will directly shape the body of research that is emblematic of the field.

We compared the taxonomic focus of CPB research with the number of threatened and data-deficient species in each taxonomic group (IUCN, 2022) as one indicator of conservation relevance (although see Cowie et al., 2017). In particular, we assessed whether taxonomic groups with higher threat levels commanded more attention in the CPB literature. We focused on the literature review as it represents published studies that could be accessed by conservation practitioners, although it is more taxonomically skewed than the survey. We found a mismatch between the taxonomic focus of CPB research and the proportion of threatened taxa in each group that have been assessed within the IUCN Red List. Molluscs and mammals appeared to be overrepresented in the self-described CPB literature relative to their extinction risk whereas most other groups—especially amphibians, elasmobranchs, crustaceans, plants, and corals—tended to be understudied (Figure 5). Additionally, many threatened or data-deficient molluscs are found in habitats that received less attention in the literature review (i.e., freshwater bivalves and non-marine gastropods; Figure 5), so even CPB research on well-studied taxa might not match some of the most urgent conservation needs. Conservation biologists, on the other hand, disproportionately study mammals and birds relative to their extinction risk (Di Marco et al., 2017). Given the divergent taxonomic skews of CPB and conservation biology research, conservation paleobiologists could collaborate with conservation biologists and paleobiologists (e.g., Groff et al., 2022) working on different taxa to better align their collective research efforts with the taxonomic distribution of threatened biodiversity.
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FIGURE 5
 Taxonomic representation of publications in the literature review relative to extinction risk. For each taxonomic group, we compared the percentage of publications in the literature review that focused on that group (top) with the percentage of threatened species (center) and the percentage of data-deficient species (bottom) assessed by the IUCN Red List (IUCN, 2022). Molluscs and mammals were overrepresented in CPB research relative to their extinction risk.


We also assessed the taxonomic resolution of CPB research in the literature review. Despite challenges associated with identifying fossil specimens to species (de Queiroz, 2005; Allmon, 2013; Barrowclough et al., 2016; Cowie et al., 2017; Tschopp et al., 2022), 87% of publications in the literature review reported results at the species level (n = 82). This focus on species is comparable to the conservation biology literature (Di Marco et al., 2017). It might have stemmed from various factors, including researchers’ affinities toward working with taxa that have readily identifiable skeletal remains or how species are defined (Tschopp et al., 2022). Additionally, we found that presence-absence and abundance data were more commonly used than trait data within CPB research (Supplementary Figure S9). Yet, taxon-free metrics could increase the flexibility of geohistorical records in conservation contexts by emphasizing ecological function over taxonomic identity (Eronen et al., 2010; Pimiento et al., 2017, 2020; Smith et al., 2020), especially as ongoing environmental change drives communities to acquire novel configurations (Barnosky et al., 2017; Smith et al., 2022).

Finally, we reviewed the habitats studied by conservation paleobiologists. Half of the research documented in the survey (51%, n = 135) and literature review (51%, n = 48) was conducted in marine systems (Figure 4). Terrestrial systems comprised most of the remainder, with relatively little research focusing on freshwater systems in the survey (9%, n = 38) and literature review (17%, n = 16; Figure 4). In contrast, conservation biology (Di Marco et al., 2017) and management-oriented historical ecology (Beller et al., 2020) research predominantly focuses on terrestrial systems, as did the body of literature reviewed by Groff et al. (2022) that used geohistorical data with the intent of informing conservation, management, and restoration. Amidst calls to increase marine conservation research given the ocean’s large area and escalating threats (Lawler et al., 2006; Halpern et al., 2007; Friedman et al., 2020), CPB could help fill data gaps in marine systems (see Kiessling et al., 2019). Furthermore, there is great potential to leverage existing synergies between paleolimnology and CPB (Smol, 1992, 2017; Czaja et al., 2019) to increase research in freshwater systems given their high vulnerability to human stressors (Strayer and Dudgeon, 2010).



Spatial scales

CPB research spans all spatial scales, ranging from local to global, but typically focuses on smaller scales. In the literature review, 86% of publications were conducted at local (28%, n = 26) or regional (58%, n = 55) scales, with larger spatial scales examined primarily through meta-analyses (Figure 6). Moreover, only 19% (n = 38) of survey participants conducted their CPB research on a global scale (Supplementary Figure S8). This emphasis on local and regional scales is echoed within the conservation biology (Di Marco et al., 2017) and management-oriented historical ecology (Beller et al., 2020) literature. Likewise, survey participants perceived smaller spatial scales to be most relevant for understanding contemporary conservation issues, with local and regional scales receiving more support than larger spatial scales (i.e., basin, continental, and global; Figure 6 and Supplementary Figure S11). At the same time, the most common survey response was “all of the above” (29%, n = 85), demonstrating a common perception that CPB research can be applied to conservation regardless of its spatial scale or an appreciation of the multiscalar nature of conservation problems.
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FIGURE 6
 Comparison of the expected versus published spatial and temporal scales of CPB research. To assess expectations, we asked survey participants which scales they consider to be most relevant to CPB. To summarize published research, we recorded the scales of publications in the literature review. Similar coding criteria were used to ensure compatibility across the survey responses and literature review. Near-time records collected over local to regional scales overwhelmingly characterized CPB research despite a widespread perception that the field can encompass all time periods and spatial scales (i.e., no combination of spatial and temporal scales was selected by fewer than 45% of respondents to both questions). Note that the literature review data points are jittered to prevent complete overlap; there is no higher resolution implied beyond the categories listed in the X- and Y-axes.


Threats to biodiversity and conservation interventions both occur at nested spatial scales (Cumming et al., 2006; Nams et al., 2006; Pressey et al., 2007; Boyd et al., 2008; Guerrero et al., 2013; Bellwood et al., 2019). Place-based management at small scales is often emphasized due to jurisdictional constraints and variability in local threats and conditions. Yet, conservation should take place at multiple spatial scales given the severity of global climate stressors and high connectivity across coupled human–natural systems (Cumming et al., 2006; Hobbs et al., 2014; Lawler et al., 2015; Bellwood et al., 2019). The fossil record is spatially averaged and patchy, hindering data collection or spatially explicit analyses with high resolution in all locations (Benson et al., 2021). Nonetheless, publications in the literature review described baselines at local to regional scales (e.g., Terry, 2018; Barbieri et al., 2020; Hesterberg et al., 2020; Dillon et al., 2021) and investigated the interplay of ecological processes across different spatial scales (Bennington and Aronson, 2012; Cramer et al., 2021; Louys et al., 2021). Such studies, at least in theory, are primed to contribute to the escalating spatial scales over which resource managers are challenged to act.



Timescales

Conservation paleobiologists investigate ecological and evolutionary processes that operate over long timescales. To assess the field’s temporal scope, we asked survey participants to identify the time periods from which CPB can use data. We then compared their perceptions with the time periods represented in the literature review and participants’ own CPB research. Survey participants rated all time periods—from the Precambrian to the modern day—as applicable to CPB research, but data from the Recent through the Holocene and Pleistocene Epochs (i.e., decades to 2.58 million years ago, collectively called near-time records) were considered to be the most applicable (Figure 6 and Supplementary Figure S12). These intervals were heavily represented in the literature review, with 87% (n = 82) of publications relying on near-time records. More specifically, 19% (n = 18) of publications used data from the last few decades to centuries, 33% (n = 31) used data from the Holocene (including data coded as the last millennium to few millennia), and 28% (n = 26) used data from the Pleistocene (Figure 6). A similar focus on the Quaternary Period emerged when survey participants were asked about their own CPB research: 29% (n = 183) used data from the last few decades to centuries, 29% (n = 180) used data from the Holocene (including responses coded as the last millennium to few millennia), and 11% (n = 66) used data from the Pleistocene (Supplementary Figure S12). A third of survey participants (33%, n = 35) and 4% (n = 4) of publications in the literature review used records from both near and deep time, effectively crossing this temporal divide. Taken together, CPB research is overwhelmingly characterized by near-time records despite a widespread perception that the field can encompass most of ecological, historical, and geological time.

After establishing the temporal scope of CPB research, we asked survey participants to assess which timescales are most useful for informing conservation practice. Although CPB can incorporate data from both near and deep time, participants did not rate them equally in terms of their conservation relevance. Just over half of participants (58%, n = 77) agreed that near- and deep-time records are equally important to convey to conservation practitioners (Figure 7 and Supplementary Figure S13). When evaluated separately, the relevance of the near-time fossil record to conservation issues was strongly supported across all survey participants (93%, n = 122), whereas the deep-time fossil record was less likely to be perceived as relevant (63%, n = 85; Figure 7 and Supplementary Figure S13). This finding is consistent with a previous survey of the paleontological community, in which near-time records were thought to be better suited for addressing priority questions in conservation (Kiessling et al., 2019). The survey responses were similar across career stages (Supplementary Figure S14), such that experience did not necessarily make participants more pessimistic about the use of deep-time records in conservation (c.f. Kiessling et al., 2019). The responses were also consistent with a review of the research–implementation gap in CPB, in which all publications that informed conservation action used near-time records (Groff et al., 2022). Near-time records are therefore not only more common in CPB research but are perceived to be more relevant to conservation issues. Nevertheless, given the valuable parallels that deep-time records offer with today’s extinction and climate crises (e.g., Jackson and Erwin, 2006; Finnegan et al., 2015; Pimiento and Antonelli, 2022), their lower perceived relevance might instead result from the greater psychological distance of deep time (Dietl et al., 2019) or data reporting formats that are incompatible with conservation practice (Buxton et al., 2021).
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FIGURE 7
 Mean participant responses to survey questions about the conservation relevance of different timescales (top) and the application of CPB to conservation practice (bottom). Conservation practice was defined as all aspects of conservation, restoration, and management. The responses were recorded on a Likert scale from 1 (strongly disagree) to 5 (strongly agree). The points and error bars show the mean and 95% confidence intervals of responses to each question, colored by whether a participant self-identified as a conservation paleobiologist. See Supplementary Figure S13 for a full breakdown of the Likert responses.


Survey participants were also asked to compare the conservation relevance of the fossil record with real-time monitoring data. The fossil record was considered to be of equal value to data collected in real time (74% support, n = 98), with its value increasing when real-time data are unavailable (83% support, n = 110; Figure 7 and Supplementary Figure S13). Yet, the high value placed on the fossil record by survey participants is likely inflated relative to the perceptions of many conservation practitioners and neontologists. Although conservation biology is distinguished by long timescales (Soulé, 1985), practitioners often think of long-term data as observational records spanning years to decades and might not be aware or accepting of the fossil record’s utility in conservation (Willis et al., 2010; Rull and Vegas-Vilarrúbia, 2011; Durham and Dietl, 2015; Smith et al., 2018). Monitoring data, however, can be expensive and time-consuming to collect in real time and is limited in its temporal extent (Strayer et al., 1986; Lindenmayer et al., 2012; Likens and Lindenmayer, 2018). While the fossil record is no silver bullet, there is great potential to integrate paleontological records with observational data to extend the timescales over which conservation practitioners are accustomed to setting baselines and measuring ecological changes (Willis and Birks, 2006; Rick and Lockwood, 2013; Dietl and Smith, 2017). Combining these records is important given that conservation issues operate over multiple temporal scales (Dietl, 2019; Dietl et al., 2019; Kiessling et al., 2019). This potential has yet to be realized, though, as retrospective studies remain underutilized in practitioners’ toolboxes (Durham and Dietl, 2015; Smith et al., 2018).

Lastly, we assessed the temporal resolution of CPB research, as it can hinder efforts to overlay long-term paleontological data onto shorter-term ecological dynamics. In the literature review, temporal resolution varied substantially across studies and was not clearly reported in over a third of the publications (37%, n = 35). When reported, studies had temporal resolutions spanning years (14%, n = 8), 10s of years (20%, n = 12), 100s of years (25%, n = 15), 1,000 s of years (17%, n = 10), and even 10,000s of years (14%, n = 8) or longer (10%, n = 6; Supplementary Figure S15). These resolutions are constrained by the time-averaged nature of the fossil record and age-model uncertainty (Kowalewski et al., 1998; Olszewski, 1999; Kidwell, 2013). When survey participants were asked which temporal resolutions are most relevant for understanding contemporary conservation issues, their responses overlapped with the literature review. Participants indicated a variety of resolutions spanning years (13%, n = 56), 10s of years (16%, n = 71), 100s of years (19%, n = 86), 1,000s of years (21%, n = 95), and 10,000s of years (16%, n = 69; Supplementary Figure S15). Resolutions greater than 10,000s of years received little support, and few participants thought that all resolutions were relevant (6%, n = 28). Temporal resolutions vary across geohistorical records, likely shaping survey participants’ responses. Yet, participants’ affinities toward centennial- and millennial-scale resolutions might be at odds with the rapid pace of global change and conservation action, which are often measured over decades, years, or even finer timescales.




Is conservation paleobiology an applied science?

As defined in the literature, CPB aims to apply geohistorical records to guide the conservation, management, and restoration of biodiversity and ecosystem services (Dietl and Flessa, 2011; Dietl et al., 2015). This applied, value-laden dimension emerged as an integral attribute of the field in both the survey and literature review (Supplementary Figure S16), akin to conservation biology’s delineation as a “crisis discipline” (Soulé, 1985; Meine et al., 2006). However, also like conservation biology, a consensus on how applied CPB should be in practice has been slow to develop (Dietl, 2016; Dietl and Flessa, 2018).

To assess current views on this topic, we first asked survey participants whether CPB is an applied science. Of the conservation paleobiologists who participated in the survey, 38% (n = 33) responded that the field is predominantly applied in its current form, but many were undecided (32%, n = 28), and a notable proportion disagreed (31%, n = 27; Figure 7 and Supplementary Figure S13). Still, a majority (61%, n = 54) agreed that CPB should be applied to conservation practice (Figure 7 and Supplementary Figure S13). Early career scientists were the most optimistic about the field’s potential applications (Supplementary Figure S17), consistent with Kiessling et al. (2019). At the same time, conservation paleobiologists were divided about whether a study should be considered to be CPB only if it can be applied to conservation practice (46% agreed n = 41, 41% disagreed n = 37; Figure 7 and Supplementary Figure S13), showing the perceived value of fundamental research relative to its practical implementation. Although similarly conflicted, survey participants outside of CPB were more inclined to think that the field should be primarily academic, with a secondary emphasis on application (Figure 7 and Supplementary Figure S13). The survey results demonstrate a fundamental split in how CPB’s purpose is envisioned, both within the field and in the broader scientific community. Despite CPB’s definition explicitly stating its application to conservation problems (Dietl et al., 2015), there is a dichotomy between those who perceive CPB as a primarily academic pursuit and others who view it as an applied science, mirroring debates within conservation biology (Soulé, 1985; Jacobson and Robinson, 1990; Barry and Oelschlaeger, 1996; Noss, 2007; Kareiva and Marvier, 2012).

We then asked survey participants about their connections with conservation practice. Here, we report just the responses from the self-identified conservation paleobiologists, as these questions are most relevant to their work. Only 41% (n = 37) responded that conservation paleobiologists should be actively involved in conservation practice as it relates to their professional expertise (Figure 7 and Supplementary Figure S13). Likewise, around half (54%, n = 45) acknowledged the importance of engaging with practitioners as part of their work. However, few did so in practice; only 19% (n = 21) consistently worked with conservation practitioners or other stakeholders outside of academia, and a third (32%, n = 35) had never engaged (Supplementary Figure S18). The rarity of such collaborations was echoed in the literature review, in which only 14% (n = 13) of publications included authors with conservation affiliations. Additionally, less than a third (29%, n = 24) of conservation paleobiologists indicated that they discuss project goals with conservation practitioners before beginning their research—despite 60% (n = 52) reporting that CPB research goals should be aligned with conservation priorities (Figure 7 and Supplementary Figure S13). Indeed, when asked about conservation goals to which CPB could best contribute, many participants provided vague statements or buzzwords (e.g., “baselines,” “biodiversity,” “mitigation”). Although not all conservation paleobiologists thought that building relationships with conservation practitioners is important, for those who did, the disconnect between their intentions and actions might stem from a lack of training (e.g., Jacobson, 1990; Noss, 1997; Blickley et al., 2013; Pietri et al., 2013; Kelley et al., 2018).

Another mismatch arose when we asked conservation paleobiologists about how they communicate research outputs. Most placed value on sharing their research in venues that extend beyond academia, with only 28% (n = 25) indicating that the main role of a conservation paleobiologist is to disseminate knowledge through peer-reviewed publications (Figure 7 and Supplementary Figure S13). Yet, even within academic publishing, just 11% (n = 10) of publications in the literature review appeared in mainstream conservation journals (e.g., Conservation Biology, Biological Conservation, and Biodiversity and Conservation), where practitioners might intuitively search for data and from which conservation evidence is synopsized to support implementation (Sutherland et al., 2019). Although the survey was primarily completed by academics and thus reflects their research practices, our results suggest a lack of crosstalk between conservation paleobiologists and practitioners. Survey participants further confirmed this communication barrier when asked about the challenges facing CPB.

To explore perceptions of CPB’s actual contributions to conservation, we asked survey participants about examples in which CPB research has influenced conservation outcomes. Participants collectively pointed to a handful of examples such as Everglades ecosystem restoration (Marshall et al., 2014; Wingard et al., 2017), efforts to restore pulse flows in the Colorado River Delta (Zamora-Arroyo and Flessa, 2009; Hallett et al., 2017), and species management scenarios (e.g., Faith, 2012). Despite providing examples, some participants were skeptical. One commented, “This is the problem—conservation [paleobiology] remains largely an academic exercise and still is not adequately integrated into ‘real’ conservation practice.” Groff et al. (2022) assessed the research–implementation gap in CPB and found that only about 10% of 444 publications that used geohistorical data with the intent of informing conservation, management, and restoration had real-world impact. In its current state, CPB’s applications to conservation appear to be more aspirational than tangible.

A reality check is called for at this stage of CPB’s development. The survey revealed that the field is not overwhelmingly perceived as applied in its current form despite claiming to be an applied science. Nor is most CPB research informing conservation action (Groff et al., 2022). Indeed, survey participants who self-identified as conservation paleobiologists did not share a unified vision for how the field should advance its applications to conservation (Figure 7 and Supplementary Figure S13). At least two outlooks emerged: some thought that conservation paleobiologists should engage with conservation practitioners and align their research goals with conservation needs, whereas others viewed the field as a separate, more academic undertaking with theoretical implications for conservation. The apparent variation across participants’ responses might have arisen from differences in their motivations, which likely included translational work designed to address conservation problems, method development to support such work, and occasional contributions to the field by scientists who might not label themselves as conservation paleobiologists. Their divergent responses suggest that participation at the front line of conservation implementation is not viewed as a prerequisite for being a conservation paleobiologist, consistent with the spectrum of pure to applied research that exists within conservation science (Soulé, 1985; Kareiva and Marvier, 2012). Nevertheless, many survey participants saw the field’s applications to conservation as an important challenge and highlighted the need to improve training, resources, and incentive structures to support conservation paleobiologists who strive to participate in conservation practice.



What is conservation paleobiology?

Conservation paleobiology is undergoing introspection about what it is and what it should be as a field. The crux of CPB has not shifted much since the term’s initial coining (Flessa, 2002) and subsequent definition in widely-cited publications (Dietl and Flessa, 2011, 2017; Conservation Paleobiology Workshop, 2012; Kidwell, 2013; Dietl et al., 2015; Barnosky et al., 2017; Supplementary Figure S1). However, its definition has widened over time. For example, definitions recorded in the literature review included additional conservation issues (e.g., ecosystem restoration, multiple stressors, and climate change) and ecosystem properties (e.g., ecosystem services) over time, likely as they became more frequently studied within the field (Supplementary Figures S16A–C). At present, CPB is popularly defined as the “application of the methods and theories of paleontology to the conservation and restoration of biodiversity and ecosystem services” (Dietl et al., 2015). Here, we examine how survey participants described CPB and assess whether the field’s current stage of development is consistent with those definitions.

When asked to define CPB using keywords or phrases, survey participants provided answers that are consistent with the existing definition (Supplementary Figure S16D), suggesting that the term does not need to be redefined. Their responses fell under five broad themes. CPB: (1) seeks to inform conservation, management, and restoration; (2) links timescales by combining modern, historical, and fossil data; (3) uses a variety of data types (e.g., fossil occurrences, stable isotopes, DNA) and analyses (e.g., time-series reconstructions, modeling, natural experiments); (4) measures biotic responses to environmental and anthropogenic stressors; and (5) is cross-disciplinary. Although ecological baselines (e.g., Pauly, 1995) were not frequently mentioned in definitions provided by participants, they were reported as an outcome of CPB studies.

We also explored how CPB is described in terms of the disciplines it encompasses. CPB has coalesced from the melding of disciplinary boundaries, but it sits at the interface of more than just paleobiology and conservation. When asked about the scope of its disciplinarity, survey participants indicated that CPB can incorporate information from a wide range of disciplines spanning conservation biology, ecology, historical ecology, paleoecology, paleobiology, paleoclimatology, biogeography, and archaeology (Supplementary Figure S19). When these disciplines were grouped, the largest intersection of responses occurred among paleontology, conservation science, and biology and ecology (Figure 8), positioning them at the field’s core. However, the breadth of participants’ responses demonstrates how diverse, albeit amorphous, CPB has become.

[image: Figure 8]

FIGURE 8
 Cross-disciplinary scope of CPB, as perceived by the survey participants. Survey participants were asked from which areas of study CPB can incorporate information. Participants were able to select up to five disciplines that they considered to be most important. Disciplines were grouped to facilitate visualization (see Supplementary methods for the grouping methodology; paleontology and paleoclimatology were further grouped within the geosciences to aid interpretation). Colors in the Venn diagram correspond to the amount of support for each nested combination of disciplines. The largest intersection of responses occurred among the geosciences (particularly paleoecology), conservation science, and biology and ecology.


This cross-disciplinarity might act as a double-edged sword. It diversifies CPB’s toolkit for asking novel research questions and addressing conservation problems but also diminishes its cohesion by creating overlap with many other disciplines. For example, most self-identified conservation paleobiologists who participated in the survey conducted their research in disciplines beyond CPB and did not use the term to classify their expertise (Figure 2). Accordingly, there was not a clear divide across many of the survey questions between participants who did and did not conduct work that they considered to be CPB. Indeed, research in disciplines such as historical ecology and paleoecology is similar to studies that are described as CPB and, in many respects, the only difference is what the researchers call themselves. This conceptual overlap was further illustrated when we asked survey participants to provide examples of important papers in CPB; 68% (n = 40) of the 59 articles named that were published after 2002 do not include the term.

When asked to differentiate CPB from the disciplines it draws on for information, many survey participants pointed to its integrative nature. One noted, “it is not set apart from them, [rather] a combination of them.” Other participants referred to CPB as a holistic discipline aggregator because “very few claim to wear all of those hats, so [conservation paleobiology] usually requires a team with diverse skill sets.” Participants also regarded CPB’s timescales and research goals to be different from related disciplines. CPB synthesizes data over long timescales (e.g., longer than historical ecology or conservation biology but similar to paleontology and archaeology) and is often motivated by a goal of practical application (e.g., unlike paleontology, biogeography, or archaeology but similar to conservation biology and historical ecology; c.f. Soulé, 1985; Dietl and Flessa, 2011; Szabó, 2015). Because CPB shares these attributes, at least in part, with other disciplines, it is the configuration of constituent disciplines, rather than their individual attributes, that sets CPB apart. Some participants argued against delimiting the field’s boundaries altogether to avoid isolating it from potentially valuable contributions from other disciplines. Similar perspectives have been conveyed within conservation, exemplified by calls to soften, or even redraw, the traditional boundaries between conservation biology and disciplines that examine the human dimensions of conservation (Jacobson and McDuff, 1998; Meffe, 1998; Daily and Ehrlich, 1999; Balmford and Cowling, 2006; Travers et al., 2021).

Nonetheless, some attributes that distinguish CPB from conceptually related disciplines might still be aspirational. Self-described CPB research matched the definition provided by survey participants in terms of its datasets, scales, and topics. For example, we found that CPB uses diverse data types (Supplementary Figure S9) spanning decades to millions of years (Figure 6 and Supplementary Figure S12) to study a variety of stressors (Supplementary Figure S10). But, the field is currently not as applied as many survey participants suggested it should be (Figure 7 and Supplementary Figure S13), counter to its definition. Additionally, although CPB can incorporate information from many different disciplines (Figure 8 and Supplementary Figure S19), survey participants who self-identified as conservation paleobiologists were largely affiliated with paleontology or biology and ecology (Supplementary Figures S6, S7). More work is needed for conservation paleobiologists to fully transcend disciplinary boundaries (e.g., Kelley et al., 2018, 2019; Kelley and Dietl, 2022). As CPB grows into its definition, it might become increasingly distinct from its disciplinary roots.

Taken together, perspectives shared in the survey positioned CPB as a bridge between established disciplines rather than a truly separate field of study. However, it is unclear whether CPB research and training programs will remain largely siloed within paleontology and the geosciences or whether they will fuse with conservation biology as the field progresses (Dietl, 2016). This is particularly true given differences in how survey participants viewed CPB’s purpose as an applied science (Figure 7 and Supplementary Figure S13). The CPB community has not yet reached a consensus on what it means to be a conservation paleobiologist, nor have we wholesale adopted the term to refer to our academic identity or research. As we continue to reflect on CPB’s development, the survey responses highlighted a key challenge: how do we form a recognizable identity that balances community cohesion (e.g., moving toward an institutionalized field with a unified training curriculum) with the flexibility to incorporate diverse disciplinary perspectives (e.g., assembling scientists from allied disciplines as an umbrella term)? Alternatively, does the CPB community even desire to assemble in this way?



How will conservation paleobiology develop over the next 20 years?

CPB is nearing a crossroads. It is still evolving as an area of study and, if the survey participants’ opinions are any indication, there will continue to be some interest in making it a cross-disciplinary, applied field with real-world impact. Participants, however, shared a variety of perspectives about what this might look like in practice. Their responses emphasize both the need to advance scientific knowledge within the field and improve its applications to conservation practice. A strong academic foundation in geology, biology, communication, resource management, and environmental policy will always underpin CPB, although this foundation could be developed with a vision of implementation in mind to better align CPB practice with how the survey participants suggested we see ourselves. Success in this regard will be evident when data and methods from CPB become some of the many tools used in conservation. Other subfields within conservation biology, such as conservation genetics, conservation physiology, and conservation biogeography, are still developing as conservation tools in the two to three decades since their emergence (Whittaker et al., 2005; Hohenlohe et al., 2021; Tomlinson et al., 2021). But, they have established themselves as well-recognized approaches for solving conservation problems over this time frame, so they might be instructive examples of how CPB could mature. As we look ahead to the next two decades of CPB’s development, the survey responses suggest a need for efforts to promote community cohesion, strengthen collaborations within conservation science, and develop training programs that reflect the field’s identity as it continues to crystallize.


Development as a cross-disciplinary field

Survey participants described CPB as an integrative field that incorporates information from a wide array of disciplines with different academic origins and knowledge bases (Figure 8). However, many individual studies and research groups do not transcend disciplinary boundaries (Kelley et al., 2018; Supplementary Figure S6). Thus, one direction in which CPB might shift in the coming years is toward the tighter integration of disciplines from which the field draws knowledge. This could be achieved by assembling teams of transdisciplinary thinkers who are trained in specific disciplines but have complementary expertise (Soulé and Press, 1998; Daily and Ehrlich, 1999; Balmford and Cowling, 2006; Pooley, 2014; Kelley and Dietl, 2022). For example, an important addition to CPB teams would be researchers in the social sciences, economics, and policy—who had little representation in the survey (Supplementary Figure S7)—to address both the biological and human contexts in which conservation takes place (Jacobson and McDuff, 1998; Kelley et al., 2018; Kelley and Dietl, 2022). These teams could act as a springboard to help future conservation paleobiologists traverse disciplinary boundaries, approach research questions more creatively, and consider the diverse perspectives that underpin conservation decision-making (Benda et al., 2002; Boulton et al., 2005; Evely et al., 2010; Díaz et al., 2015; Chan et al., 2018). Pursuing these collaborations would also likely place greater emphasis on training future conservation paleobiologists to communicate across disciplines and engage in arenas outside the immediate sphere of paleontology.

As a result, CPB could become embedded within conservation biology as part of a holistic conservation problem-solving approach (Soulé, 1985; Kareiva and Marvier, 2012; Dietl, 2016; Barnosky et al., 2017). This path of development would be akin to that of conservation genetics (Shafer et al., 2015; Funk et al., 2019; Hohenlohe et al., 2021) and conservation physiology (Wikelski and Cooke, 2006; Tomlinson et al., 2021). In this version of CPB’s future, memberships in conservation science societies and attendance at their conferences might become commonplace, or perhaps even expected, among conservation paleobiologists. In turn, they might participate in conservation biology training programs, publish in conservation journals, and contribute to community-driven resources such as the Conservation Evidence repository2 or the Conservation Measures Partnership.3 In addition to strengthening connections within the conservation science community, conservation paleobiologists might invest more time and effort into building partnerships with conservation practitioners. Such partnerships could normalize CPB research programs that are oriented around conservation decisions and ultimately lead to more direct employment of conservation paleobiologists by resource management organizations.



Development as an applied field

A large motivation for many, but not all, conservation paleobiologists is to contribute to conservation practice (Figure 7 and Supplementary Figure S13). Applications to conservation were touted by survey participants as a defining attribute of the field, consistent with its established definition (Dietl and Flessa, 2011; Dietl et al., 2015). However, only a fraction of conservation paleobiologists who participated in the survey regularly worked with conservation practitioners (Supplementary Figure S18). Although this lack of engagement might signal a training gap, inconsistencies across their responses revealed that opinions about CPB’s development as an applied science have yet to converge. For example, conservation paleobiologists disagreed about how closely they should work with conservation practitioners or whether they should be directly involved in conservation practice (Figure 7 and Supplementary Figure S13). As the CPB community discusses what “applied” should look like and what researchers’ roles should be if the field becomes more applied, we could draw lessons from conservation biology. Here, we reflect on two alternative futures informed by the survey responses.

Over half of the survey participants indicated that CPB should become more applied (Figure 7 and Supplementary Figure S13). If the field progresses in this direction, more emphasis on building relationships with conservation practitioners will likely be needed. More specifically, this could entail sourcing research questions from resource managers to identify where their needs overlap with available geohistorical records as well as co-producing data and co-authoring publications (Cash et al., 2006; Cook et al., 2013; Hulme, 2014; Cvitanovic et al., 2015; Beier et al., 2017; Bertuol-Garcia et al., 2018; Savarese, 2018; Kadykalo et al., 2021). Other developments could include embedding conservation paleobiologists in resource management organizations, training knowledge brokers within the CPB community, and working with external boundary organizations to facilitate knowledge exchange between conservation paleobiologists and conservation practitioners (e.g., Cvitanovic et al., 2015). Strengthening these practices within CPB would require both individual action—in terms of how and when researchers interact with stakeholders (Knight et al., 2008; Hulme, 2014; Beier et al., 2017; Boyer et al., 2017; Flessa, 2017; Savarese, 2018)—and structural changes that incentivize reciprocal knowledge exchange (Cvitanovic et al., 2015; Durham and Dietl, 2015; Toomey et al., 2017; Kelley et al., 2018). One step toward instituting these changes would be to train conservation paleobiologists like conservation biologists so they can more effectively contribute to applied conservation contexts (Kelley et al., 2018; Kelley and Dietl, 2022). Not only would training allow individuals to grow their skill sets for doing conservation but would encourage more members of the CPB community to participate in such work. This trajectory could increase CPB’s real-world impact over the next two decades, propelling the field forward as a subfield of conservation science.

Alternatively, CPB might maintain the status quo. If the field follows its current trajectory, some conservation paleobiologists would continue to seek out partnerships with conservation practitioners, and many would proceed with their primary research as usual. Although this research would bolster CPB’s conceptual foundation, conservation action is never a result of scientific endeavors alone. If efforts are not made to navigate the complex human realities of conservation (Laurance et al., 2012; Game et al., 2014), plan for implementation (Knight et al., 2008; Toomey et al. 2017), and communicate results with decision-makers in actionable formats (Laurance et al., 2012; Walsh et al., 2015; Savarese, 2018; Sutherland et al., 2019; Smith et al., 2020), CPB might continue to fall short of influencing conservation outcomes. Without adjusting training or research practices, the survey responses suggest that the field will more likely follow this trajectory, which might have less of a recognizable applied footprint.

Regardless of the trajectory that CPB follows, the field will likely retain a mixture of researchers with varying levels of interaction with conservation practice. This is inevitable and necessary because methodological advances underpin CPB’s conservation applications as they do in conservation biology (Soulé, 1985). The survey responses suggest that researchers do not need to engage with conservation practice to be a conservation paleobiologist. Researchers will find their place along the spectrum of pure to applied research within CPB given their comfort level and training. Moving forward, how inclusive the field’s definition becomes and, ultimately, how it is distinguished from other, less applied disciplines, will likely depend on where the CPB community falls along this spectrum.



Training the next generation of conservation paleobiologists

At the heart of CPB’s future is training. But, how do we equip conservation paleobiologists with relevant skills as the field’s identity continues to evolve? The disconnect between survey participants’ aspirations and actions (Figure 7 and Supplementary Figure S13) underscored the role of training in steering conversations about what CPB is and should be as a field. As CPB graduate programs, short courses, and workshops are developed, training objectives could provide conservation paleobiologists with a toolkit to do the types of applied, cross-disciplinary work that most survey participants hoped will embody the field in the future. Most conservation paleobiologists who participated in the survey were trained in geoscience, biology and ecology, and paleontology departments. However, they saw potential not only in expanding the field’s pure research but also its conservation applications, collaborations, outreach, and education—necessitating a growing list of skills that extends beyond discipline-specific training. Variation across the survey responses also demonstrates that there is no one pathway to becoming a conservation paleobiologist or a single CPB archetype. CPB training is chasing a moving target as the field grows to meet the community’s aspirations.

Preparing students with an accumulation of competencies to meet evolving needs is no simple feat. In addition to learning research methods and disciplinary knowledge, training for conservation paleobiologists will likely need a stronger emphasis on “soft skills” than most traditional academic degree programs given their association with success in conservation settings. These skills include decision-making, fundraising, project management, leadership, teamwork, relational practices, and teaching (Muir and Schwartz, 2009; Schmidt et al., 2012; Blickley et al., 2013; Pietri et al., 2013; Langholz and Abeles, 2014; Toomey et al., 2017; Kelley et al., 2018, 2019). Pedagogical perspectives in CPB have also spotlighted the importance of transdisciplinary problem-solving and practical experience (Kelley et al., 2018, 2019; Kelley and Dietl, 2022), drawing from the conservation science curricula (Jacobson, 1990; Jacobson and Robinson, 1990; Moslemi et al., 2009; Newing, 2010). Building from these established pedagogies, CPB training objectives could be iteratively updated to track the spectrum of pure to applied research within the field as it moves from the prospect of application to more routinely contributing to conservation (see Kelley et al., 2018). Indeed, this adaptive process might eventually become self-perpetuating as the first generations of intentionally trained conservation paleobiologists come of age and begin training students of their own. Additionally, training objectives could be collective, with the aim of catering to individual interests while equipping teams—and more broadly, the CPB community—with diverse but complementary skill sets to tackle complex conservation problems (e.g., Wiek et al., 2011; Kelley and Dietl, 2022). As we look to CPB’s future, ongoing introspection about what we are as a field could guide training priorities as they, in turn, influence what we become.



Looking ahead

Two contrasting themes appeared in the survey: (1) enthusiastic and well-grounded optimism about CPB’s potential impacts and (2) uncertainty about what the field encompasses. CPB’s future will not be charted by this survey, by publications, or by academic commissions alone. A better sense of what CPB is will emerge from its practitioners over the next 20 years. Their efforts will define the field—and determine its success—through contributions to helping conserve, manage, and restore nature. It’s time to get to work.
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Caribou (Rangifer tarandus) have among the longest annual migrations of any terrestrial mammal as they move from winter ranges to spring calving grounds. Biomonitoring records indicate broad consistencies in calving geography across the last several decades, but how long have herds used particular calving grounds? Furthermore, how representative are modern patterns of calving geography to periods that pre-date recent climatic perturbations and increased anthropogenic stresses? While modern ecological datasets are not long enough to address these questions, bones from past generations of caribou lying on the tundra provide unique opportunities to study historical calving geography. This is possible because female caribou shed their antlers within days of giving birth, releasing a skeletal indicator of calving. Today, the Coastal Plain of the Arctic National Wildlife Refuge (Alaska) is a key calving ground for the Porcupine Caribou Herd (PCH). To test the duration across which caribou have used this area as a calving ground, we radiocarbon dated three highly weathered female antlers collected from tundra surfaces on the Coastal Plain. Calibrated radiocarbon dates indicate that these antlers were shed between ~1,600 and more than 3,000 calendar years ago. The antiquity of these shed antlers provides the first physical evidence of calving activity on the PCH calving grounds from previous millennia, substantiating the long ecological legacy of the Coastal Plain as a caribou calving ground. Comparisons to published lake core records also reveal that dates of two of the antlers correspond to periods with average summer temperatures that were warmer than has been typical during the last several decades of biomonitoring. This finding expands the range of climatic settings in which caribou are known to use the current PCH calving grounds and suggests that the Coastal Plain of the Arctic Refuge may remain an important caribou calving ground during at least portions of predicted future warming. Discarded skeletal materials provide opportunities to assess the historical states of living populations, including aspects of reproductive biology and migration. Particularly in high-latitude settings, these insights can extend across millennia and offer rare glimpses into the past that can inform current and future management policies.

KEYWORDS
 taphonomy, radiocarbon (14C) dating, time-averaging, seasonal landscape use, migration, caribou (Rangifer tarandus)


Introduction

For migratory populations of caribou (Rangifer tarandus), a key characteristic of their ecology and population biology is the annual journey to areas where they give birth in the spring: their calving grounds (Griffith et al., 2002; Nicholson et al., 2016; Cameron et al., 2020). Migrations to and from the calving grounds represent significant energy expenditures, but have multiple hypothesized benefits that increase calf survival and maintain the population. These include calving in areas with reduced predator pressure, abundant early-greening spring vegetation, and that are in close proximity to habitats used for insect avoidance later in the spring/summer (Griffith et al., 2002; Russell and Gunn, 2019). Thus, maintaining access to spring calving grounds and associated migration routes are top management and conservation priorities that are generally considered critical for maintaining herd viability (Griffith et al., 2002; Gunn et al., 2009; Russell and Gunn, 2019; Joly et al., 2021a). However, migratory patterns of caribou and their seasonal landscape use are sensitive to a variety of factors including annual weather patterns, larger-scale shifts in climate, changes in herd size, development of roads and industrial infrastructure, and a variety of other ecological and anthropogenic influences (Skoog, 1968; Russell et al., 1993; Cameron et al., 2005, 2020; Hinkes et al., 2005; Vistnes and Nellemann, 2008; Vors and Boyce, 2009; Joly et al., 2011). Over the last several decades of climatic and ecological changes across the Arctic, herds such as the Porcupine Caribou Herd (PCH) have demonstrated high annual variability in calving ground geography (Griffith et al., 2002; Cameron et al., 2005; Caikoski, 2020). As biologists and wildlife agencies establish conservation and management goals designed to insulate herds from future ecological stresses, several fundamental questions remain unanswered. How long have herds (or caribou more broadly) utilized particular calving grounds and how well do contemporary patterns of seasonal landscape use and caribou migration correspond to those under different regimes of climate and anthropogenic influences? While the timescales inherent to these questions far outstrip those available from traditional ecological datasets, antlers shed from female caribou provide useful proxies for assessing historical calving ground geography (Miller and Barry, 1992; Miller et al., 2013, 2021). This is possible because female caribou shed their antlers around the time they give birth (Espmark, 1971; Bubenik et al., 1997) and those antlers can persist for hundreds to thousands of years on Arctic landscapes (Sutcliffe and Blake, 2000; Stewart and England, 2008; Le Moullec et al., 2019; Miller and Simpson, 2022). Here, by radiocarbon dating antlers collected from tundra surfaces in Alaska, we test the long-term persistence of calving activity on the modern calving grounds of the PCH. In so doing, we document calving activity on the Coastal Plain of the Arctic National Wildlife Refuge across more than 3,000 years.

Shed female caribou antlers lying on landscape surfaces provide evidence of past calving activity. This is possible because female caribou, like their male counterparts, annually grow and shed antlers (Espmark, 1971; Bergerud, 1976). However, the schedules of antler growth and shedding are different between males and females (Bergerud, 1976; Bubenik et al., 1997). Females generally grow antlers in the spring/summer and maintain their antlers until shedding them within days of giving birth in the spring (Espmark, 1971; Bergerud, 1976; Whitten, 1995). Males, on the other hand, shed their antlers in the late fall and early winter (Bergerud, 1976). Because calving is highly synchronized among caribou and migratory caribou travel in large herds to the calving grounds (103 to 104 individuals), annual inputs of shed female caribou antlers can accumulate over time to produce large concentrations of shed antlers (~1,000 antlers/km2, Cameron and Whitten, 1979; Griffith et al., 2002; Joly et al., 2011; Miller et al., 2013). As antlers slowly decay across decades to centuries or more, they become increasingly weathered (Meldgaard, 1986; Sutcliffe and Blake, 2000; Miller et al., 2021; Miller and Simpson, 2022). Because progressive changes in weathering provide useful information about their time-since-shed, accumulations of shed antlers offer opportunities to evaluate changes in seasonal landscape use, including calving activity, across space and through time (Behrensmeyer, 1978; Miller, 2012; Miller et al., 2013, 2021).

Today, the Coastal Plain of the Arctic Refuge primarily serves as a calving ground for the PCH (Figure 1; Griffith et al., 2002). The Coastal Plain is a flat region of tundra between the north side of the Brooks Range and the coast of the Beaufort Sea (Griffith et al., 2002; Jorgenson et al., 2002). The PCH calve throughout most of the Coastal Plain of the Arctic Refuge and Ivvavik National Park, Canada, immediately east of the Arctic Refuge (Fancy and Whitten, 1991; Griffith et al., 2002). The PCH is currently one of the largest caribou herds in the world (~218,000 individuals in 2017; Caikoski, 2020) and has one of the longest annual migrations of any terrestrial mammal (~1,350 km straight-line round-trip distance; Teitelbaum et al., 2015; Joly et al., 2019), which takes them between their winter range and spring calving grounds. The PCH has been studied for decades by academic, state, territorial, and federal wildlife biologists and an important aspect of that work has been assessing variability in calving ground geography through time (Russell et al., 1993, 2005; Griffith et al., 2002; Russell and Gunn, 2019; Caikoski, 2020). Evaluating the drivers behind annual variation and/or long-term consistency in calving geography has been a research focus due, in part, to industry and political interests in developing portions of their calving ground for hydrocarbon extraction (Whitten, 1994; Griffith et al., 2002; Gunn et al., 2009; Russell and Gunn, 2019). Referred to as the “1002 Area,” this portion of Coastal Plain was set aside by the U.S. Congress in 1980 for potential development (Udall, 1980). Petroleum lease sales were eventually sold in 2020 following a congressional mandate (Brady, 2017), though as of 2022, infrastructure to support hydrocarbon extraction has not been developed.
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FIGURE 1
 Map of the calving grounds (Alaskan) and nearby environments for the Porcupine Caribou Herd (PCH). Demarcation of the PCH calving grounds (lightly shaded region) and concentrated calving grounds (darker shaded region) are based on monitoring records (Griffith et al., 2002; Caikoski, 2020). Boundary of the Arctic National Wildlife Refuge and the “1002 Area” identified by dotted and dashed lines, respectively. Blue lines identify rivers used as transportation corridors during antler surveys: Canning, Katakturuk, Hulahula, Jago, Aichilik, Kongakut, and Turner. Locations of radiocarbon dated antlers identified by a large open circle (UAMES 52866), a large filled circle (UAMES 52867), and a large filled square (UAMES 52865). Locations of additional antler surveys are shown as small open circles. Dark red arrows identify generalized major spring migration routes to the calving grounds (Fancy et al., 1989).


Calving ground geography for migratory caribou is a tale of two temporal scales. Survey data often show high annual variability in calving locations, with the centers of annual calving grounds differing from year to year across dozens to over 100 km (Griffith et al., 2002; Baltensperger and Joly, 2019; Cameron et al., 2020). At the same time, those annual shifts occur within a broader area that defines an overall “calving ground,” which is often stable across decadal timescales (Griffith et al., 2002; Cameron et al., 2020; Joly et al., 2021b). But what about longer timescales? The vast majority of data on calving grounds of migratory caribou are from the 1980s onward, with sparser data from the 1970s, 1960s, and earlier (Skoog, 1968; Whitten et al., 1984, 1992; Fancy et al., 1989; Fancy and Whitten, 1991; Bergerud, 1996; Griffith et al., 2002; Burch, 2012; Porcupine Caribou Management Board [PCMB], 2016; Benson, 2019). Consequently, these records overlap periods of increasing climate change and anthropogenic pressures. This issue is highlighted by the Central Arctic Herd, which mostly calves to the west of the Arctic Refuge. The Central Arctic Herd was recognized as a herd only in the mid-1970s, but its geographic range had been under development for petroleum resources (including the Trans-Alaska Pipeline) since the 1960s (Cameron and Whitten, 1979; Fancy, 1983; Cameron et al., 1992, 2005; Lenart, 2015; Nicholson et al., 2016; Johnson et al., 2020). Caribou ecology and seasonal landscape use are also influenced by shifts in climate and associated environmental changes, which have been particularly severe in the Arctic (Griffith et al., 2002; Arctic Climate Impact Assessment [ACIA], 2004; Joly et al., 2011; Pearson et al., 2013; Rantanen et al., 2022). Yet, again, observations of calving geography, particularly more standardized monitoring programs that started in the 1970s and 1980s, were initiated after Arctic climates had already started changing. In some cases, records from early European explorers and hunters provide glimpses into historical migrations and calving ground geographies, but such insights are generally based on limited observations with poor spatial resolution (Burch Jr., 2012; Benson, 2019). Oral histories and Traditional Knowledge of Native Alaskans and Canadians are another source of historical insight, though groups such as the Gwich’in traditionally stayed away from the calving grounds and so have restricted knowledge of their historical geographies (Benson, 2019). Although challenging to establish, expanding the timescales across which we study caribou calving geography and migration can help us evaluate the biological significance of modern calving grounds and test for changes associated with recent climatic and anthropogenic perturbations (Miller et al., 2021). Here, we use ancient antlers to expand the time series with which we assess calving ground geography for the PCH and to test how well contemporary patterns of seasonal landscape use are reflected in the deeper past.



Materials and methods

Antlers used for this study came from broader sampling efforts to study historical caribou landscape use (Miller et al., 2013, 2021; Miller and Simpson, 2022). Shed antlers reported here were found exposed on landscape surfaces on the Coastal Plain of the Arctic Refuge in the summers of 2011, 2012, and 2018. Two of the antlers were discovered during standardized surveys of well-drained, cobble-rich tundra habitats with abundant Dryas, a low-growing evergreen dwarf shrub (i.e., Dryas river terraces, sensu Jorgenson et al., 2002; Jorgenson and Walker, 2018). One of the antlers came from a gravel bar that was discovered while walking between surveys. To sample Dryas terraces across the Coastal Plain of the Arctic Refuge, we traveled along major river systems that bisect the Coastal Plain from south to north (Miller et al., 2013, 2021). Targeting Dryas terrace habitats, we conducted 50 antler surveys near the Canning, Katakturuk, Hulahula, Jago, Aichilik, Kongakut, and Turner Rivers (Figure 1). Using each river, we sampled from the northern foothills of the Brooks Range to as close to the Beaufort Sea as was logistically possible. Across the region, we sampled areas that are currently within the PCH calving grounds as well as areas not currently known to support calving. Survey sites were accessed by a combination of fixed-wing aircraft, helicopter, or by rafting down rivers to survey locations. Because vegetation on Dryas terraces is sparse and/or low-growing (with few tussocks, willows, or other vegetation that would be visually obstructive), surveyors had clear views of the ground and any antlers in the area (Miller et al., 2013, 2021). All antlers evaluated here were at least partially exposed on landscape surfaces. Surveys and collections were done with permission from, and in collaboration with, the Arctic National Wildlife Refuge (United States Fish and Wildlife Service). The antlers are accessioned into the University of Alaska Museum Earth Sciences Collection (UAMES) at the University of Alaska Fairbanks.

Shed antlers can be discriminated from antlers introduced due to death by the presence of an exposed antler-skull attachment surface (Miller, 2012; Miller et al., 2013). That “pedicle attachment surface” becomes smooth and rounded as the antler detaches from the skull during the cell death processes that lead to shedding (Lincoln and Tyler, 1994; Bubenik et al., 1997). To differentiate female antlers from male antlers, we took advantage of known differences in surface areas between the pedicle attachment surfaces of males and females (females are generally smaller, Miller et al., 2013, 2021). Previous work using museum specimens with known sex has shown that while there is some overlap between pedicle surface areas of older females and younger males, such overlap is limited. Thus, surface area of the pedicle attachment surface offers a useful method for differentiating antler sex for most caribou antlers found on the Coastal Plain (Miller et al., 2013, 2021). Pedicle attachments are approximately elliptical, thus we estimated surface area using the long axis (A1) and short axis (A2) of the pedicle attachment surface (measured using IP67 Absolute Mitutoyo digital calipers) and the standard formula for estimating surface area of an ellipse: π * (½ * A1) * (½ * A2).

Based on the known size frequency distributions of pedicle surface areas of male and female antlers, we used a previously developed Monte Carlo method to calculate the probability (mean and 95% confidence interval) that each antler evaluated here was female (Miller et al., 2013, 2021). The surface areas of all antler pedicle attachments in this study were quite small, indicating the antlers were definitively female. We measured the length of each specimen by following the curvature of the antler fragment using a flexible plastic measuring tape.

We used Accelerator Mass Spectrometry (AMS) radiocarbon dating to estimate when each antler was grown, which is roughly synchronous with when the antler was shed. Radiocarbon dating measures the amount of 14C in a sample relative to that of atmospheric radiocarbon in 1950 and can be used to estimate the ages when biological specimens formed across roughly the last 50,000 years (Hajdas et al., 2021). To radiocarbon date the antlers, we sampled bone from the proximal portion of the main antler beam. This region has dense cortical bone and should be most resistant to diagenetic processes and infiltration of younger carbon (Miller et al., 2021). Antlers were cut using a low-speed Dremel with a diamond cutting wheel. Samples were broken into small chips and sent to the Keck-Carbon Cycle AMS Facility at the University of California, Irvine or the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory for chemical pretreatment and AMS radiocarbon dating. Collagen was prepared using standard treatments for demineralization and humic acid removal (Beaumont et al., 2010; Crowley et al., 2010), ultrafiltered, and lyophilized. For the one sample sent to the Keck-Carbon Cycle AMS Facility (UAMES 52867), lipids were removed by sonicating antler chips in a 2:1 chloroform/methanol solution for 30 min prior to demineralization. This was repeated with a fresh chloroform/methanol solution until the solution was no longer cloudy. The sample was then sonicated for 30 min in methanol and 30 min in Milli-Q water. The sonicator bath was cooled to keep the temperature below 60°C. For the two antlers dated at Lawrence Livermore, lipids were not removed prior to dating. To account for isotopic fractionation, the δ13C of a sample must first be normalized to a standard prior to calculating its radiocarbon age (Stuiver and Polach, 1977; Hajdas et al., 2021). We previously reported no difference in δ13C values for antlers with or without lipid removal (p = 0.81, Miller et al., 2021), suggesting differences in preparation should be of negligible concern for specimen radiocarbon dates and their comparisons. To evaluate the quality of collagen preservation, and thus the reliability of the radiocarbon dates, we measured the atomic C:N ratios of each specimen, which are generally between 3.1 and 3.5 for well-preserved specimens (DeNiro, 1985; Ambrose, 1990; van Klinken, 1999). We calibrated radiocarbon dates to calendar years using IntCal20 (Reimer et al., 2020) and the “rcarbon” package (version 1.4.2, Crema and Bevan, 2021) in R (version 4.1.1, R Core Team, 2021). Calibrated radiocarbon dates produce a probability distribution of possible ages. We summarized each antler’s calibrated age as the weighted-median of its age distribution along with the range (minimum and maximum ages) of the 2-sigma 95% confidence interval of that distribution (Telford et al., 2004; Crema and Bevan, 2021).



Results

Antler specimens described below came from near three rivers: Canning, Katakturuk, and Turner. Each specimen had pedicle attachment surfaces that were intact and calibrated radiocarbon dates older than 1,000 calendar years before present (BP; where “present” is standardized to 1950). C:N ratios (ranging from 3.18 to 3.27; Table 1) are all within the expected range for well-preserved collagen (DeNiro, 1985; Ambrose, 1990; van Klinken, 1999). Each antler is described below.



TABLE 1 Antlers recovered from the Arctic National Wildlife Refuge.
[image: Table1]

UAMES 52867 (Figure 1, large filled circle; Figure 2A) was recovered during a standardized antler survey on a Dryas terrace in a slightly upland region near the Katakturuk River. The antler fragment extends approximately 151 mm from the pedicle attachment surface and includes part of the brow tine. The pedicle attachment surface is small and confidently female (93.2%; Table 1). The pedicle attachment surface is well defined and smooth, indicating that the antler was shed during the life of the animal. When discovered, it was more than half buried in mineral-rich soils that were adjacent to the mound of a ground squirrel (Urocitellus parryii). The antler’s exterior surfaces are well-weathered and have a fibrous texture (Figure 2A). Portions of the antler show signs of chemical maceration and dissolution. Lichen development on the antler is minimal, though moss was attached to the antler along many of the surfaces that were in contact with the soil. The weighted median calibrated date is 3,157 cal years BP (2-sigma range: 3,218–3,072 cal years BP; Table 2).
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FIGURE 2
 Plates of radiocarbon dated antlers. (A) UAMES 52867. (B) UAMES 52866; dashed line identifies well-delimited pedicle attachment surface; arrow identifies exposed attachment surface. (C) UAMES 52865. Scale bars are 5 cm.




TABLE 2 Antler radiocarbon dates and age calibration.
[image: Table2]

UAMES 52866 (Figure 1, large open circle; Figure 2B) was found during a standardized antler survey on a Dryas terrace in an upland (near foothills) region near the Canning River. This antler fragment was discovered lying entirely exposed on the tundra. However, it was adjacent to a region that had been dug into (likely by a grizzly bear; Ursus arctos horribilis), so previous and perhaps relatively recent exhumation of the specimen cannot be excluded. Surfaces of the antler are acid etched with mm-scale curvilinear grooves consistent with damage by roots. No observable lichens were present. The antler fragment is 149 mm long and there is no indication of either brow or bez tines. UAMES 52866 has a small antler attachment surface and is confidently female (94.5%; Table 1). The antler includes a small portion of the cranial pedicle, indicating this antler was not shed during life. However, the pedicle attachment surface is well delineated (Figure 2B, dashed line) and portions of the pedicle are cleanly removed from the attachment surface (Figure 2B, arrow). Some areas at the pedicle attachment surface are not pristinely preserved and it is difficult to evaluate some of this specimen’s anatomy. The median calibrated date for UAMES 52866 is 2,581 cal years BP (2-sigma range: 2,714–2,494 cal years BP; Table 2).

UAMES 52865 (Figure 1, filled square; Figure 2C) was discovered while the team was walking between surveys along the Turner River. This specimen was found on a sand bar near the active portion of the channel. The antler fragment is 113 mm long and includes portions of a brow tine and the main antler beam. The antler is moderately rounded, indicating exposure to fluvial processes. The antler is also hollowed-out in some regions, which is also likely due to exposure to fluvial processes. Hollowing occurs along the main beam, brow tine, and into the base of the antler near the pedicle attachment surface. While the pedicle attachment surface is river-rounded, it is generally well-preserved and well-defined, indicating the antler was naturally shed. The pedicle attachment surface is small and confidently female (92.3%; Table 1). No observable lichens are present. While the original shedding location for this antler is unknown, the low gradient and sinuous nature of the Turner River suggests it was unlikely to have been transported over long distances. The Turner is also short (<20 km straight-line distance between its head waters and the Beaufort Sea) and the entire river courses through what are currently the calving grounds of the PCH. Thus, any degree of fluvial transportation is unlikely to substantially modify the spatial accuracy with which this specimen is used as a calving ground indicator. The calibrated radiocarbon date for this specimen is 1,629 cal years BP (2-sigma range: 1,704–1,549 cal years BP; Table 2).



Discussion


Ancient antlers highlight millennial-scale consistencies in calving ground geography

The antiquity (1,629 and 3,157 cal years BP) of the shed female caribou antlers recovered from the Coastal Plain of the Arctic Refuge, paired with the geography of the PCH calving grounds today (Figure 1; Griffith et al., 2002; Caikoski, 2020) indicates that caribou calves have been born in this region across at least several millennia. This historical contextualization provides a reference for the long-term importance of caribou calving habitats north of the Brooks Range. Additionally, the shed antlers were recovered from within what is currently recognized as the “concentrated calving grounds” in Alaska (Figure 1). The concentrated calving grounds, originally defined based on calving observations between 1983 and 2001, are portions of the overall calving grounds where females give birth in greater-than-average spatial concentrations (Griffith et al., 2002). Based on these higher frequencies of use, and data suggesting higher survivorship for calves born in portions of the concentrated calving grounds, preserving access to these high-quality calving habitats is a priority for PCH conservation and management (Griffith et al., 2002; Russell and Gunn, 2019). Our limited sample size prevents a detailed evaluation of the spatial distribution of ancient antlers, but recovering antlers from what are currently the concentrated calving grounds (and only from the concentrated calving grounds) that were shed by female caribou thousands of years ago bolsters the interpretation that the concentrated calving areas of the PCH delimit core caribou calving habitats.

Today, the foothills of the Brooks Range are used by caribou as gateways to the calving grounds, but they are not focal calving areas. This may be at least partially due to increased concentrations of mammalian predators in the highlands (Whitten et al., 1984, 1992; Fancy et al., 1989; Fancy and Whitten, 1991; Griffith et al., 2002). A lack of calving is particularly notable along the highlands near the western margin of the Arctic Refuge (Figure 1; near UAMES 52866). This behavioral pattern seems to be reflected by UAMES 52866, the skeletal remains of a female caribou that died in upland habitats near the Canning River over 2,500 years ago and preserves characteristics consistent with her traveling to the calving grounds. This antler fragment is still partially attached to a portion of the antler pedicle and is the only non-shed antler reported here. It is also the only antler found in the foothills of the Brooks Range (i.e., not from the lowland Coastal Plain). Apparent bone decalcification at the pedicle-antler attachment is consistent with death near the time she would have shed the antler. Thus, she was possibly within days to weeks of giving birth and was likely on her way to the calving grounds. While acknowledging our small sample size, it is notable that both shed antlers reported here were recovered from known calving grounds, while the single not-yet shed antler was recovered from an area that does not support calving today. Taken together, we find similarity between migration and calving ground patterns observed today (e.g., Griffith et al., 2002; Caikoski, 2020) and proxies of those behaviors from millennia ago. Our results are also consistent with oral histories of the Gwich’in people, which indicate that many patterns of landscape use observable today have historical roots, including calving grounds north of the Brooks Range (Benson, 2019).

Could the antlers (both shed and not-yet shed) have come from females that were not impregnated or experienced miscarriages prior to reaching the calving grounds? This seems unlikely, given their proximity to today’s calving grounds and the greater variability in when and where such nonparturient female caribou shed their antlers. Nonparturient females shed their antlers over a wide interval (across one or more months) in the late winter to earliest spring (Espmark, 1971; Bergerud, 1976; Bubenik et al., 1997). For the PCH, this would translate to antlers cast across nearly 100 km (perhaps more) of the migration on landscapes that could be more than 100 km farther south and/or east from the calving grounds sampled here (Fancy et al., 1989; Griffith et al., 2002). Some shifts in migratory patterns would not be unexpected across millennia. However, if the antlers dated here came from nonparturient caribou, this would suggest a dramatic reorganization of today’s migratory pathway, including either (1) arrival north of the Brooks Range up to several months earlier than observed today (and prior to green-up; Griffith et al., 2002) or (2) transition of the population to a non-migratory state. While additional work is required to understand the drivers of migration and changes in migratory dynamics among individuals or entire populations (Bergerud, 1996; Baltensperger and Joly, 2019; Joly et al., 2021b), invoking such a high level of migratory reorganization would be far less parsimonious than the more likely interpretation that these millennially-aged antlers were from parturient females that were on (UAMES 52867, UAMES 52865) or approaching (UAMES 52866) their calving grounds.

Beyond expanding the timescales across which calving behaviors can be inferred, millennially-aged antlers also provide insight into the diversity of climate settings in which the Arctic Refuge’s Coastal Plain has been used as a calving ground. Local climate records from the late Holocene are not available, but nearby lake cores from Hanging and Trout Lakes (Yukon, Canada; ~200 km from the Turner River) provide temperature reconstructions based on assemblages of fossil midges and floral community reconstructions based on pollen analyses (Cwynar, 1982; Kurek et al., 2009; Irvine et al., 2012; Kaufman et al., 2016). Starting with the oldest antler, ~3,000 cal years BP, both temperature records indicate mean July temperatures (summer temperatures) that were similar or slightly cooler than average modern summers (Kurek et al., 2009; Irvine et al., 2012; Kaufman et al., 2016). Both proxy records show an increase of ~1°C in summer temperatures by ~2,500 cal years BP (the age of the non-shed antler). By ~1,600 cal years BP, summer temperatures were similarly high, ranging between ~0.5 and > 1°C above the ~3,000 cal years BP starting point. While error bars on these estimates are large, the trajectories of temperature changes are consistent between cores (Kurek et al., 2009; Irvine et al., 2012; Kaufman et al., 2016). Neither records shows dramatic changes in floral community between 1,000 and 3,000 years ago, though these very recent portions of the records were not the main research foci. Antlers shed in the PCH calving grounds thousands of years ago indicate that the Coastal Plain can serve as a calving ground across a variety of climatic settings, including those with warmer summer temperatures than observed in recent decades. While the predicted trajectories of future climate change generally fall outside baselines established by climate records from the last several millennia (Arctic Climate Impact Assessment [ACIA], 2004; Kaufman et al., 2020; IPCC, 2022), it seems likely that the Coastal Plain of the Arctic Refuge will remain a viable calving ground for at least the next stages of the warming Arctic. But across how much warming may current patterns of caribou migration persist and what will ultimately drive future changes, if they occur? Pairing analyses of sediment cores at higher temporal resolutions with continued sampling of antler records may provide informative tests for how previous shifts in temperature and floral communities impacted the geographic distribution of caribou calving grounds and other aspects of caribou migration. In this way, historical proxies could provide more detailed guidance and expectations for how to manage caribou amidst future ecological change.



Inefficient recycling of antlers contributes to a redistribution of limiting nutrients across Arctic habitats

Vertebrates are important vectors of nutrient redistribution in a variety of biological systems (Doughty et al., 2013, 2016; Doughty, 2017), but the redistribution of nutrients driven by antler growth and shedding of migratory caribou is underappreciated. Antlers are composed of bone apatite and, as such, are rich in bioavailable calcium and phosphorous. Phosphorous, in particular, is a limiting nutrient in many settings, including Arctic ecosystems (Chapin et al., 1978; Weintraub, 2011). Due to distinct seasonal ranges, migratory caribou grow antlers in different areas from where they are shed (Miller et al., 2021). This is true for both male and female caribou, which grow and shed antlers according to different schedules (Espmark, 1971; Bergerud, 1976; Bubenik et al., 1997). Caribou in the PCH are in a near constant state of movement, which is broadly true for individuals in migratory herds (Fancy et al., 1989; Griffith et al., 2002; Joly et al., 2021a). An exception to this comes immediately following the birth of their calves (generally around June 1 for the PCH; Griffith et al., 2002), after which daily movement rates of female caribou are dramatically reduced. But daily travel increases quickly as calves gain strength (Fancy and Whitten, 1991; Griffith et al., 2002) and some calves are traveling as much as 90 km/day by the end of June and early July (Griffith et al., 2002). Overall, Porcupine Caribou stay on their calving grounds between ~1 to up to ~2 months. Due to their high mobility, females that successfully calved in the spring will start to grow new antlers at least 10s of kilometers away from those calving locations. Antlers will continue to grow for the next several months, peaking in growth rate during the summer and completing antler mineralization by the fall, when they are far (>100 km) from the calving grounds (Bergerud, 1976; Fancy et al., 1989; Griffith et al., 2002). Caribou also mobilize their own skeletal resources to help build antlers (Baksi and Newbrey, 1989; Baxter et al., 1999). Thus, mineral resources contributing to antlers come from a complex mixture of geographies that are largely or entirely allochthonous to the location where they are eventually shed.

A formal calculation of the impact of this nutrient redistribution is beyond the scope of this paper, but we can at least establish some basic expectations of this phosphorous conveyor belt. The size of the PCH continuously fluctuates, but it was last estimated at 218,000 individuals (Caikoski, 2020). While herd demographics change through time, ~82% of the herd are adults (Caikoski, 2020), ~52% of herd adults are female (Caikoski, 2020) and the vast majority (95%) of female caribou grow antlers each year (Cronin et al., 2003). Thus, in the last several years, we can expect ~176,615 female antlers introduced to the system each year. The size of female caribou antlers change with ontogeny, but if an average female caribou antler is ~300 grams (Thomas and Barry, 2010) and phosphorous accounts for approximately 84 mg/g of cervid antlers (Nowicka et al., 2006), that equates to ~4,451 kg of phosphorous redistributed annually in the form of antlers of PCH females. While the majority of these inputs will fall onto the calving grounds, the complete picture of mineral redistribution is more complex because females that do not become pregnant or miscarry their calves will shed their antlers earlier than pregnant females, when they are at different points along their migration (Bergerud, 1976).

What becomes of all the phosphorous and calcium introduced to the calving grounds by shed antlers? On the Coastal Plain, phosphorous availability fluctuates seasonally for both plants and the vertebrates that feed on them (Chapin et al., 1978; Weintraub, 2011; Oster et al., 2018). For example, during early spring, the daily calcium requirements for a lactating female caribou are not easily obtainable from available graminoid forage on the spring ranges of the PCH. By late spring and summer, available forage is essentially unable to accommodate the daily phosphorus requirements for a lactating female (Oster et al., 2018). Antlers and other bones provide an alternative source of both phosphorus and calcium and, as documented in other settings, are gnawed on by a variety of Arctic mammals, including caribou and rodents (McCabe, 1957; Gordon, 1976; Fernandez-Jalvo and Andrews, 2016). As bones weather and decay, they will also release calcium and phosphorous into nearby soils. More detailed analyses of antler loss rates due to weathering and consumption by local mammals will be critical to estimating the rates by which key nutrients are returned to the system. But high concentrations of antlers on Coastal Plain calving grounds (>1,000 antlers/km2, Miller et al., 2013) paired with the persistence of antlers on these same landscapes for up to thousands of years indicates that caribou calving grounds act as a sink for phosphorous, calcium, and other nutrients locked away in shed antlers.



Slow bone decomposition produces time-rich datasets for conservation paleobiological applications

Recovering millennially-aged antlers lying on the Coastal Plain of the Arctic Refuge highlights the slow weathering and recycling rates of bones and other biological materials in high-latitude, cold-weather environments. Bones and antlers of similar antiquity have been previously recovered from landscapes on Ellesmere Island, Svalbard, Greenland, and Antarctica, all of which have been used to explore the historical presence, geographic distribution, and population biology of caribou and other species (Olson and Broecker, 1961; Nichols, 1968; Meldgaard, 1986; Sutcliffe and Blake, 2000; Koch et al., 2019; Le Moullec et al., 2019). The consistency with which millennially-aged bones have been collected from the surfaces of Arctic and Antarctic landscapes is good news for those interested in assessing the historical states of large mammals in these settings. However, while Arctic and Antarctic settings consistently yield bones from deep antiquity, the rates of bone recycling in lower latitudes are faster and yield narrower temporal perspectives (Miller and Simpson, 2022).

Bone weathering and loss rates are controlled by a variety of factors, including soil moisture, temperature, UV-incidence, and cycles such as wet-dry and freeze–thaw (Behrensmeyer, 1978; Tappen, 1994; Fiorillo, 1995; Todisco and Monchot, 2008; Behrensmeyer and Miller, 2012; Pokines et al., 2016, 2018; Stokes et al., 2020). Damage to bones due to inadvertent modification and/or direct consumption by carnivores, rodents, and ungulates can also play important roles (Pobiner, 2008; Fernandez-Jalvo and Andrews, 2016; Pobiner et al., 2020). In temperate North America (Yellowstone National Park, United States), bones of large mammals (e.g., elk, horse; Cervus canadensis, Equus ferus caballus) may persist for hundreds of years on landscape surfaces (Miller, 2011; Miller and Simpson, 2022). But in Amboseli National Park (Kenya), bones of large mammals may persist for only several decades (Behrensmeyer, 1978; Behrensmeyer and Miller, 2012). Clearly the depth of historical insight available from accumulations of bones in Arctic, temperate, and tropical settings is very different, which means the conservation and management-related questions we ask of these accumulations must be temporally appropriate. Unfortunately, the number of ecosystems that may benefit from the historical ecological data available in bone accumulations is far larger than the number of sites for which we have estimated the duration of bone persistence. A recent study (Miller and Simpson, 2022), however, which included antler UAMES 52867, found that the duration of maximum bone persistence (logged) in different environments is closely linked to that environment’s mean annual temperature (p < 0.01, r2adjust = 0.95). Using this relationship, it is possible to estimate the likely depth of historical insight available from bones at a given locality. While estimating maximum bone persistence using a single variable may be an oversimplification, it can serve as a useful starting point for establishing initial expectations for the temporal richnesses of bone accumulations that are waiting to be studied on different landscapes.




Conclusion

Today, the PCH gives birth to their calves on the Coastal Plain of the Arctic National Wildlife Refuge (Alaska) and Ivvavik National Park (Yukon, Canada). While Traditional knowledge of the Gwich’in people and historical records of early European explorers and trappers indicate similarity in landscape use across at least hundreds of years (Burch Jr., 2012; Benson, 2019), the long-term continuity of contemporary PCH calving grounds remains unknown. Female caribou shed their antlers within days of giving birth and serve as a useful proxy for historical calving activity (Espmark, 1971; Whitten, 1995; Miller et al., 2021). Radiocarbon dates of antlers found on the PCH calving grounds reveal shed antlers as old as 1,629 and 3,157 cal years BP. The antiquity of these shed antlers provides the first physical evidence of calving activity from previous millennia and substantiates the long ecological legacy of the Coastal Plain as a caribou calving ground. Some of the ancient antlers evaluated here also come from periods when summer temperatures were higher than recent decades, indicating that the PCH calving ground may be viable for at least the next few stages of projected climate warming. Millennial-aged antlers have been recovered from multiple high latitude settings in the northern and southern hemispheres (Miller and Simpson, 2022), highlighting the extended ecological histories available from bone accumulations in cold-weather environments. Extended persistence of antlers on Arctic caribou calving grounds also indicates that recycling nutrients from caribou antlers (phosphorus, calcium) is highly inefficient. Paired with large annual inputs of antlers to the calving grounds (105 antlers per year), we also find that caribou calving grounds are an underappreciated sink for nutrients that are important to both plant and animal communities. Evaluating antlers (and other bones) on modern landscapes provides important opportunities to evaluate historical states of living populations and to gain new insight into the biological intricacies of even well-studied ecosystems.
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Conservation paleobiology aims to provide a longer-term perspective on environmental problems to inform decisions about natural resource conservation. As such, conservation paleobiology research falls short when geohistorical data and insights do not inform conservation practice, contributing to the well-known idea that a “gap” exists between the production and use of science in the environmental realm. Our study quantified the extent of this research-implementation (or knowing-doing) gap through a systematic literature review and survey questionnaire. We determined whether empirical studies in conservation paleobiology with a link to conservation, management, or restoration documented the use of geohistorical data to implement some form of action or if there was a specific mention of how the geohistorical data could be used in theory. Results indicate that “applied” conservation paleobiology has a poor record of translating research into action. Tangible conservation impacts were evident in only 10.8% of studies. Over half of these studies included coauthors affiliated with a conservation organization. Among the studies coded as having a theoretical application, 25.2% specified how the geohistorical data could be implemented to enhance conservation, management, or restoration actions. All studies documenting action used geohistorical data from the geologically recent past where the species and habitats are familiar to those found today. Drawing insights from the bright spots we identified, we offer some practical suggestions to narrow the gap between knowing and doing in conservation paleobiology.

KEYWORDS
 boundary science, conservation bright spots, paleoecology, research-implementation gap, resource management, restoration, systematic assessment


Introduction

From its beginning, conservation biology has wrestled with defining and assessing its relationship to on-the-ground conservation action and policy implementation. A disconnect between peer-reviewed studies (conservation biologists' research output) and conservation action (conservation biologists' disciplinary goal) contributes to the deeply ingrained perception among researchers that a gap exists between science and practice (Anonymous, 2007; Knight et al., 2008; Arlettaz et al., 2010; Kiessling et al., 2019). Implicit in the gap metaphor is the belief that it is desirable to bring the science and practice of conservation closer together. Efforts to assess this knowing-doing gap in conservation biology have evaluated: (1) evidence of conservation action in published studies (Ehrenfeld, 2000; Knight et al., 2008; Esler et al., 2010; Britt et al., 2018; Mair et al., 2018), (2) evidence of cited research in the bibliography of outputs from conservation practitioners (Stinchcombe et al., 2002; Linklater, 2003), and (3) surveys and/or interviews of researchers and/or practitioners (Knight et al., 2008; Esler et al., 2010; Matzek et al., 2014; Reed et al., 2014; Taft et al., 2020). Quantifying conservation action in conservation research yields humbling results: < 5% of studies published in three issues of Conservation Biology—the flagship journal of the Society for Conservation Biology—discussed conservation achievements (Ehrenfeld, 2000), only 5.7% of conservation assessment studies documented implementation of conservation actions while 29.5% discussed implementation in theory (Knight et al., 2008), 3% of invasion ecology studies referred to “implementation”, with only 2% referring to “policy” (Esler et al., 2010), 38% of conservation genetics studies identified specific conservation or management recommendations (Britt et al., 2018), and only ~30% of conservation science studies across two decades (1997–2017) proposed a conservation response (Williams et al., 2020).

Like conservation biology, conservation paleobiology—the application of long-term perspectives derived from geohistorical records to address modern-day issues in conservation, restoration, and management of biodiversity and natural resources (Dietl and Flessa, 2009, 2011, 2017; Dietl et al., 2015)—must assess and reflect on its own knowing-doing gap. Paleobiology researchers have long recognized the potential for their work to support conservation—for instance, Hunter et al. (1988) drew on paleoecology to develop recommendations for nature reserve design within 3 years of Soulé's (1985) foundational paper defining the field of conservation biology—but the past decade includes both a clear rallying around “conservation paleobiology” by a community of paleontologists aspiring to apply their knowledge and tools to solve conservation problems and a tremendous output of conservation paleobiology research aimed at informing conservation decisions (Dietl and Flessa, 2009; Figure 1 in Tyler, 2018; Dillon et al., 2022).

It is therefore high time to consider the effectiveness of recent efforts to produce actionable conservation paleobiology research results. Are we contributing geohistorical data and insights that are useful to conservation practitioners? Here, we assess the knowing-doing gap in conservation paleobiology through the lens of a literature review and survey that spans the past decade of research effort. In carrying out this necessary but neglected task, we put aside any “unsubstantiated claims and rationalizations” (sensu Ehrenfeld, 2000) that can be used to convince ourselves and others about the relevance of paleontological data and tools in conservation. Only then can we ask the hard questions:

• Do conservation paleobiology studies include evidence of conservation actions?

• Are conservation practitioner co-authors associated with studies documenting conservation actions (Britt et al., 2018)?

• When studies fail to report conservation action, but include specific theory for implementation, does the knowing-doing gap continue beyond publication, or are the actions implemented “off the page”?

• Are particular ecological or taxonomic scales and types of environments or geohistorical data more likely to resonate with conservation practitioners?

• Are near- or deep-time studies more likely to lead to actionable conservation paleobiology results?

• Has the gap between science and practice in conservation paleobiology narrowed over time?

By asking these questions, we aim to quantify the extent and nature of the knowing-doing gap in conservation paleobiology. Guided by “bright spots” (Cvitanovic and Hobday, 2018) we identify in our literature review and survey, where conservation paleobiology research has already contributed to real-world conservation actions, we also offer some practical suggestions for researchers who aspire to “put the dead to work” (Dietl and Flessa, 2011).



Materials and methods


Literature review

We compiled eligible articles for analysis from the Clarivate Web of Science (Core Collection) platform published from January 1, 2010 to July 13, 2020. We used the following boolean terminology to search for articles (English only): (paleo* OR palaeo*) AND (*ecology OR *biology OR ecolog* OR biolog*) AND (conserv* OR restor* OR manag*). Our search cast a wide net to include more than self-identified conservation paleobiology studies. Any study using geohistorical data to inform “conservation”, “restoration”, or “management” was included—even if the authors did not explicitly state the term “conservation paleobiology”. In other words, we targeted “applied” conservation paleobiology (Dillon et al., 2022) studies that were inspired by considerations of practical use. A recent survey of the conservation paleobiology community indicated that it is currently divided on what research approaches could be included under the umbrella of “conservation paleobiology”: “some [respondents] thought that conservation paleobiologists should engage with conservation practitioners and align their research goals with conservation needs, whereas others viewed the field as a separate, more academic undertaking with theoretical implications for conservation” (Dillon et al., 2022, p. 15). Both views have merit—indeed, the practical application of research often depends on unforeseen discoveries from theoretical advances that propel us, sooner or later, in completely unanticipated directions (i.e., basic research driven by the desire for fundamental understanding). But, because authors of “applied” conservation paleobiology articles took an additional step beyond reporting findings and intentionally aligned their research goals with conservation needs and concerns, we chose to design our search query to identify this subset of conservation paleobiology studies with the intent of building the most meaningful and appropriate dataset for assessing the size and nature of the knowing-doing gap. Knight et al. (2008) made a similar decision when they limited their evaluation of the knowing-doing gap in conservation biology to only studies that contained an assessment to identify priority areas for nature conservation activities.

The pre-corpus included n = 1534 articles (e.g., empirical studies, review articles, book chapters, and perspective, essay, opinion, and synthesis articles) on a wide range of topics (e.g., studies in paleoecology, archeology, phylogeography, phylogenetics, biogeography, historical ecology, etc.). Each phase of screening articles was documented in a Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart (Page et al., 2021; Supplementary Figure 1). We initially screened all 1534 articles from the search query for relevancy by reading the title and abstract. We used the terms “conservation”, “management”, or “restoration” to search within an article and determine relevance when it was not apparent in the title or abstract. An “applied” article met the inclusion criteria if it had geohistorical data and a link to conservation, management, or restoration. During screening we excluded non-empirical articles, methods-only articles, modern process /proxy calibration studies without geohistorical data, as well as articles only using geohistorical data for the calibration of phylogenetic analyses (Supplementary Data Sheet 1).

We randomly selected n = 59 articles from the pre-corpus to develop and refine coding criteria and train coders. The final coding criteria were established following four rounds of coding. For each round of coding, the trainees were given the same 14–15 articles to code. We used an inter-rater reliability test (Kappa-Fleiss) to quantify similarity among coders (Landis and Koch, 1977). A threshold score of 0.75 (on a scale of −1 to 1) was used to indicate sufficient agreement among coders for each coded article (Supplementary Table 1). Throughout the coding process, we checked the reliability of our coding method by quantifying the consistency among coders. A non-coder included a reliability check article among every 20 articles coded. Coders had no knowledge of which articles were part of the reliability checks. We used the inter-rater reliability test to quantify similarity for each reliability check article as a check-in for every batch of 20 articles coded (Supplementary Table 1). Coders moved onto the next batch of papers only if there was sufficient agreement (>0.75) and any discrepancies were discussed and agreed upon by all coders.

For data collection, each article was assigned to a coder. First, each coder determined whether an article met the eligibility criteria. At least one other coder provided a second opinion for each article determined to be not relevant. As a group, we discussed individual articles identified as “difficult to code' and coded these by consensus. The final corpus (Supplementary Data Sheet 2) includes each article determined to be relevant.

Basic information collected from each article included publication year and author affiliations (Table 1). Author affiliation was categorized as one or more authors identified as having an affiliation with a conservation or a non-conservation organization. We defined an author affiliation as “conservation” if the organization self-identified as having partnerships with stakeholders in research related to conservation, restoration, or management of biodiversity and/or natural resources. Author affiliations considered “non-conservation” included academic institutions, research institutes, museums, etc. Author affiliation was only coded once for each type of author on an article (e.g., even if several non-conservation co-authors were listed on an article, the article was coded once as non-conservation). An article could also be a combination of conservation and non-conservation co-authors.


TABLE 1 Categories and coded data collected with an example or explanation.
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For each article, we determined whether the study documented the implementation or application of geohistorical data to conservation, restoration, or management needs (Table 2). We coded articles as an “action” study or “theory” study. An article was coded as an action study if it contained a discussion about the implementation of a conservation, restoration, or management action. An article coded as a theory study was further categorized as either relating the goal or results of the study to conservation, restoration, or management (“theory-general”) or going a step further and specifically mentioning an actual recommendation or management intervention (“theory-specific”).


TABLE 2 Criteria for determining inclusion of an applied conservation paleobiology study into “action”, “theory-general”, and “theory-specific” categories.
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Each article was coded to determine if action studies were more likely to focus on a type of environment (freshwater, marine, terrestrial, or any combination thereof; Table 1). Transitional environments were coded based on environmental combinations. For example, wetlands or peatlands were coded both as freshwater and terrestrial and estuaries were coded as both marine and terrestrial. Ecological focus was also coded based on the conservation, restoration, or management goals of the article (Table 1). If the goal of the article focused on a single species or population of the same species, it was coded as “single species/population”. An article that focused on conservation, management, or restoration of several species was coded as “assemblage”. If an article instead had a broader focus on a type of landscape feature (e.g., lake or forest) it was coded as having an “ecosystem” focus. When an organism was the focus of the conservation, restoration, or management efforts, we coded its taxonomic classification as either invertebrate, vertebrate, plant, or other (see Table 1 for finer-scale taxonomic classification of invertebrate and vertebrate categories). Articles with more than one taxonomic classification were coded to allow for multiple combinations of categories for a single article. Taxonomic information was not recorded if solely used as a proxy for environmental conditions (e.g., diatoms used as water quality indicators). Details about the types of proxies (biological, geochemical, lithological, or any combination thereof) used were documented to understand which proxies most commonly have application in conservation, restoration, or management (Table 1; National Research Council, 2005). When an article used more than one type of proxy, we coded for these combinations. The timescale used in each article was coded based on an arbitrary division between “near” and “deep” time using the Pliocene-Pleistocene boundary (2.58 million years ago; Dietl and Flessa, 2017; Table 1). Each article was coded as either, near-time, deep-time, or both near- and deep-time. We further divided near-time at the late Pleistocene—Holocene boundary 11,700 years ago (Holocene-only).

For each category of information we collected, a Pearson's Chi-squared or Fisher's Exact test was used to detect any relationship between article type (action vs. both theory-general and theory-specific articles combined) and each coded category. We asked whether action studies were more likely than theory studies to be co-authored by authors with conservation affiliations (sensu Britt et al., 2018). We also tested whether action studies differed from theory studies in terms of ecological and taxonomic focus, types of environments and proxies, and timescales (Table 1). Chi-squared and Fisher's Exact tests were conducted in R Version 4.2.0 (R Core Team, 2022).



Survey

Research results may not be used by conservation practitioners for several years after they are published in the peer-reviewed literature (Knight et al., 2008). In addition, peer-reviewed publications may not necessarily track the conversation about implementation between researchers and practitioners (Hogg et al., 2018). Therefore, for articles coded as having a theoretically specific recommendation or implementation method (theory-specific), we used a survey to further investigate whether the findings had been used or considered by conservation practitioners outside of the published peer-reviewed article. The survey served to determine if a theory-specific article should be re-classified as action. To aid our interpretation of the knowing-doing gap, we also asked corresponding authors of theory-specific and action studies whether their study was co-designed with practitioners, the time it took for their study's recommendations to be implemented, and to provide additional references for studies demonstrating documented implementation in conservation paleobiology, which we added to our corpus if the study met the eligibility criteria.

Each corresponding author was emailed a short survey (Supplementary Table 2) using Qualtrics XM, approved by the Cornell Institutional Review Board (Protocol Number: IRB0144055). If one of us personally knew a corresponding author, a personal email was sent instead that included the solicitation email and anonymous link to the survey. If an author was the corresponding author for more than one article, they were sent an email that included the solicitation email, survey link, and citations of each article included in our dataset they were corresponding author for and asked to fill out the survey once per article. Reminders were sent via email and through Qualtrics XM to those that had not yet responded to the survey. Follow up emails were sent to select survey respondents to clarify their responses or ask for more information pertaining to their article.




Results

The decisions and methods reported in the PRISMA flowchart led to a final corpus of n = 442 coded peer-reviewed articles out of 1,534 articles (29%) from the initial Web of Science search (Supplementary Figure 1). Two additional articles were added to the corpus that were suggested by survey respondents for a total of n = 444 coded peer-reviewed articles (Supplementary Data Sheet 2).


Documented implementation in the literature review and survey

In the literature review, we found that a small proportion of studies (3.8% or 17 of 444 articles) documented implementation (action) versus only a theoretical link to conservation. From the survey, which had a response rate of 40.5% (58 out of 143 articles), we determined that 311 of the 143 theory-specific studies had been used or considered by a conservation practitioner (Supplementary Table 2; Supplementary Data Sheet 3). We re-coded these 31 articles as “action” for a new total of n = 48 action studies (10.8% or 48 of 444 articles; Figure 1). After re-coding these “theory-specific” studies to “action”, over half of the remaining studies (71.7% or 284 of 396 articles) did not include a specific recommendation (=theory-general; Supplementary Table 3).
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FIGURE 1
 Proportion of documented implementation categories for n = 444 articles coded as action, theory with a specific recommendation, and theory without a specific recommendation.




Action studies—author affiliations

Action studies were more likely than theory studies to be co-authored by authors with conservation affiliations [X2 (1, N = 444) = 18.577, p < 0.001]−45.8% of action studies (22 of 48 articles) were co-authored by authors with both conservation and non-conservation affiliations (Figure 2; Supplementary Tables 3, 5), and three action studies included authors with only a conservation affiliation (or 6.2% of the 48 action studies). Only 6.9% (23 of 331 articles) of studies that did not include a conservation co-author were action studies, however, these studies made up nearly half of all the action studies (47.9% or 23 of 48 articles; Figure 2A).
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FIGURE 2
 Author affiliations among documented implementation categories. (A) Proportion of studies across the documented implementation categories (action, theory-specific, theory-general) coded as non-conservation, conservation, and a mix of conservation and non-conservation author affiliations. (B) Proportion of studies coded as near-time, deep-time, and a combination of both near- and deep-time. Numbers within bars equal sample size for each category.




Action studies—other attributes

Across the different types of environments, action studies primarily focused on terrestrial environments and rarely on marine environments (55% vs. 8.3%, respectively; Supplementary Figure 2B). The majority of action studies focused on plants (75% or 24 studies; Supplementary Figure 2D), followed by studies with a taxonomic focus on invertebrates (corals and mollusks; 3 and 10% of action studies, respectively) and vertebrates (mammals and bony fish; 9 and 3% of action studies, respectively; Figure 3; Supplementary Tables 3, 4). More than half of the action studies (56.2% or 27 of 48 studies) also focused research questions at the ecosystem scale (Supplementary Figure 2A). All action studies used biological or combinations of biological plus geochemical and lithological proxies (Supplementary Figure 2C; Supplementary Table 3). All action studies focused on near-time scales (Figure 2B). Among these action studies, 87.5% (42 of 48 studies) focused only on the Holocene. No significant patterns between action vs. theory (all) studies were found for environment, taxonomic focus, ecological focus, type of proxy, or timescale (Supplementary Table 5).
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FIGURE 3
 Proportion of action studies (n = 48) that focus on invertebrates (Cnidaria and Mollusca), vertebrates (Mammalia and Osteichthyes), and Plantae. Silhouettes were retrieved and modified from Canva (accessed 18 January 2023).





Discussion


Where is the conservation in conservation paleobiology?

Our literature review estimated that the gap between knowing and doing in conservation paleobiology is wide and even wider when only considering peer-reviewed literature. Sixty-four percent of applied studies did not provide more than a general statement (i.e., theory-general) linking the study's results to conservation, restoration, or management practice or policy. Initially, the literature review indicated that only 3.8% of studies led to a documented conservation implementation. But, when we surveyed authors of theory-specific studies about the conservation outcomes of their research beyond publication, the proportion of studies categorized as action tripled (10.8%). Several (n = 13) theory-specific studies were not co-authored with conservation practitioners but had been co-designed with conservation practitioners (Supplementary Table 2), even though the collaborations were not apparent in the peer-reviewed publications based on author affiliations (i.e., all authors had non-conservation affiliations). Although adding the survey results to the initial literature review narrows the gap between knowing and doing more than the literature alone, these action studies still only account for one tenth of our dataset of applied conservation paleobiology studies. In addition, despite the total number of relevant studies steadily increasing over the past decade, the knowing-doing gap appears to have been relatively stable, in terms of the proportion of studies that documented conservation impacts (Supplementary Figure 3B). Another yardstick of success—the proportion of studies co-authored with conservation partners—also did not appreciably increase over the past decade (Supplementary Figure 3C). Whether we like it or not, and whether we recognize it or not, these inconvenient truths draw attention to a separation between reality and the way conservation paleobiologists who are motivated by a desire to conduct research relevant to conservation would like things to be. Most applied research conducted over the past decade in conservation paleobiology appears to not have informed conservation, restoration, or management actions in a tangible way.

Although it seems reasonable to imagine that the gap is wide in conservation paleobiology because the approach is still relatively new, conservation biology's own longstanding internal struggles with the same problem forewarns that other much more nuanced and complicated factors should also be considered, which will not all easily be addressed from within the prescribed boundaries of the field. Potential reasons to explain the gap in conservation biology include: a disconnect between the type of data created and what is actually needed by practitioners (Arlettaz et al., 2010; Habel et al., 2013; Kiessling et al., 2019), lack of incentives for academic researchers to conduct research with practical applications (Burbidge and Wallace, 1995; Savarese, 2018) or to communicate results to conservation practitioners (Taylor et al., 2017), and research results that are out of sync with policy windows (Cook and Sgrò, 2017). Conservation practitioners also may be unaware of the full range of uses for geohistorical data (Durham and Dietl, 2015; Smith et al., 2018), and often report not using published literature because of technical jargon or abstract framing (Redford and Taber, 2000; Pullin et al., 2004; Bainbridge, 2014; Matzek et al., 2014; Taft et al., 2020). Paywalls or subscriptions imposed by journals further limit conservation practitioners' access to peer-reviewed literature (Fuller et al., 2014). In addition, academic researchers often lack the training to develop skills necessary to collaborate across disciplinary boundaries (Arlettaz et al., 2010; Kelley et al., 2019; Merkle et al., 2019; Kelley and Dietl, 2022). The gap in conservation paleobiology likely stems from some combination of all these factors and others. Which factors are most relevant is a matter for further research, research that should begin without delay.



In good company

Our literature review and follow-up survey of applied conservation paleobiology studies fit a general pattern of limited evidence of conservation implementation in the peer-reviewed conservation sciences literature (Ehrenfeld, 2000; Knight et al., 2008; Esler et al., 2010). We found that 10.8% of the applied conservation paleobiology studies we reviewed either documented conservation implementation or reported that conservation practitioners considered the findings (action studies). Another 25.2% of applied conservation paleobiology studies provided specific recommendations (theory-specific studies) for practitioners, comparable to other conservation biology studies that proposed specific recommendations (Knight et al., 2008; Britt et al., 2018; Williams et al., 2020). It is reasonable to expect that applied conservation paleobiology studies would have been more oriented toward conservation action, given that our corpus comprised studies that self-identified as “conservation”, “restoration”, or “management” relevant based on the search terms of our literature review. If we had reviewed the field of paleobiology more broadly, the low rate of action studies that we found would be more intuitive. Instead, 64.1% of the studies in our corpus included only a general-theory nod to conservation, echoing Ehrenfeld's (2000, p. 107) perceptive, albeit bitter, observation that, “authors would tack on a depressingly predictable final paragraph that would explain how important th[eir] work could eventually be to conservation and why more research was needed.” Such fire-and-forget statements (Gibbons et al., 2011)—about “conservation dividends to be earned in an unspecified future“ (sensu Ehrenfeld, 2000)—risk eroding the credibility of conservation paleobiology and widening the gap between science and practice. Credibility in conservation biology is a relational process, won by building trust between communities (Alagona, 2008). While some researchers may construe their work as improving our understanding of ecological processes relevant to conservation issues (after all, looking for near-term payoffs is a human trait), those outside the field may find statements only vaguely connected to actual conservation contexts unconvincing and overstated. In fact, overstating research implications may have the unintended effect of opening conservation paleobiology up to “damning critiques by the anti-environmentalist lobby…increas[ing] cynicism and complacency about...loss of biodiversity” (Ladle et al., 2005, p. 238). Avoiding this extreme scenario is relatively easy, however, because it only involves recognizing that research does not need to translate directly or immediately to conservation to be valuable (Stinchcombe et al., 2002; Linklater, 2003; Hulme, 2014), and resisting the temptation to tack on vapid claims if our work does not have concrete conservation recommendations.



Collaboration to navigate the knowing-doing gap

Our findings suggest that applied conservation paleobiology research is more likely to lead to conservation action when academic researchers collaborate with conservation practitioners. In our corpus, 113 studies included conservation co-authors: of these, 22 were action studies. This aligns with previous work in conservation: a literature review estimated that conservation genetics studies with non-academic authors were 2.5 times more likely to include specific conservation recommendations than studies with only academic authors (Britt et al., 2018). Wildlife biologists and wildlife managers report that directly involving practitioners in all stages of research increases the likelihood of implementing research results (Merkle et al., 2019). This focus on partnerships is a common theme in the literature on the knowing-doing gap (Bainbridge, 2014; Taft et al., 2020). However, co-authorship is not the only marker of engagement between academic researchers and conservation practitioners (Hogg et al., 2018). In fact, our survey found that author lists are not an accurate proxy for collaboration: over half (56.5% or 13 out of 23) of the survey respondents who had indicated that their study was considered by conservation practitioners in their work also reported co-designing the study with conservation practitioners (Supplementary Table 2), even though it was not apparent in the peer-reviewed publications based on author affiliations (i.e., only non-conservation authors). While collaborations may not appear in author lists, our survey confirms that conservation and non-conservation collaborations occur in conservation paleobiology outside of what is documented in peer-reviewed publications. Indeed, Hulme (2014, p. 1131) affirmed “publishing research in peer-reviewed journals will only ever be a small part of closing the knowing-doing gap.” In contrast, our survey suggests that knowledge exchange (or mutual learning) was incorporated into collaborations between researchers and conservation practitioners, which is largely invisible in the peer-reviewed studies we reviewed (Reed et al., 2014; Cvitanovic et al., 2016).

Action can lag behind publication. Our survey revealed that conservation impacts often emerged 1–3 years after research teams published their findings (Supplementary Figure 4 and Supplementary Table 2). Conservation biologists also note this time lag from research initiation to implementation, suggesting that the lag may explain why few studies bridge the planning stages from status review to implementation to action (Knight et al., 2008; Mair et al., 2018). Hogg et al. (2018) further argued that conservation recommendations are often published in the “gray literature” and not in the peer-reviewed literature (see also Savarese, 2018), or practitioners communicate with researchers they already know before searching peer-reviewed literature. The lag time we found between publication and action reflects active communication and collaboration between academic researchers and conservation practitioners beyond the boundaries of publication.



Conservation paleobiology bright spots

Although action studies represent a small slice of the studies we reviewed, we found bright spots (sensu Cvitanovic and Hobday, 2018) where conservation paleobiology research is leading to real-world conservation actions on the ground around the world (see also Dietl et al., 2015; Boyer et al., 2017; Dietl and Flessa, 2018; Savarese, 2018). Here we highlight a selection of these studies to illustrate where the dead have been put to work.

Researchers and forest managers in the Guadarrama National Park, Spain co-designed a study (Morales-Molino et al., 2017) that used pollen, conifer stomata, charcoal, and dung fungal spores (a proxy for herbivore grazing activity) preserved in 2,500-year-old peat cores to understand the natural range of variability of mountain oak-pine forests in response to disturbances such as grazing. The study provided relevant information for the forest managers who wanted to better understand the natural state of the habitats under their care (Morales-Molino et al., 2017). The forest managers responded to the results of the study, which showed that coppicing and overgrazing are detrimental disturbances to the mountain oak-pine forests in the Guadarrama National Park, by reducing the number of cattle and altering their management strategy (Morales-Molino et al., 2017).

In another study, plant and animal fossils from Makauwahi Cave Reserve (MCR), Kaua'i, Hawaii provided guidance for the successful restoration of land degraded by centuries of agricultural use and non-native introductions to a pre-European state dominated by native plants and Polynesian cultivars. Holocene fossil pollen evidence (Burney et al., 2001) suggested doubling the number of plant species to replant in restoration efforts by including now extinct species, justifying the translocation of closely related plant species from nearby islands to Kaua'i. Invasive plant removal, replanting, maintenance, and monitoring were done by reserve staff, local school children, and volunteers. Animal fossil evidence from MCR guided the design of a large-scale experiment to determine that ecological surrogates like non-native, pet tortoises that could no longer be cared for by their owners could fulfill the same ecological role of weed control—reducing understory plant cover—played out by now extinct herbivores, such as giant flightless ducks and geese (Figure 4A; Burney and Burney, 2016).
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FIGURE 4
 “Bright spots” examples of conservation paleobiology in action. (A) At Makauwahi Cave Reserve on Kaua‘i in the Hawaiian Islands, USA giant tortoises such as this African spurred tortoise (Centrochelys sulcata) act as surrogates for long-lost ecological functions by helping keep invasive grasses and weeds grazed down in securely fenced native plant restorations; photo credit: A. Burney. (B) Researchers deploying a Hedrick-Marrs Multicorer to capture sediments in Lake Tanganyika, Africa's oldest and deepest lake. The sediment cores, containing fish bones and scales, help decipher drivers of fish declines; photo credit: A. Cohen. (C) In Ireland, it was thought that Scots pine (Pinus sylvestris) became extinct, but fossil pollen and pine needle macrofossils demonstrate that a rare stand of Scots pine has persisted locally for centuries and is now used as a seed source for restoration efforts; photo credit: R. A. Nonenmacher; Wikimedia Commons. (D) Barton Broad is a shallow, eutrophic lake in the UK where management has targeted limiting nutrient and sediment influx from surrounding agricultural point sources. Plant macrofossil data from lake sediment cores suggest that only after reducing nutrient levels and providing habitat structure will aquatic vegetation recolonize; photo credit: John Fielding; Wikimedia Commons. (E) United States Geological Survey (USGS) researcher collecting living freshwater snails rafting out into the estuary by doing a plankton tow in Roberts River, Everglades National Park, Florida, USA; photo credit: USGS. The data on living mollusks from the plankton tows are compared to species abundances in sediment cores from the region to estimate past salinity conditions.


In Lake Tanganyika, Africa, fossils from multiple species of fish preserved in lake sediment cores determined that lake warming coincided with declines in economically important fish and their diatom food sources over the past 500 years. The new perspective provided by the past demonstrated to fishery managers and other stakeholders that declines in abundance occurred prior to intensification of contemporary commercial fishing practices in the lake, bringing clarity to the debate over the cause of the population declines (Figure 4B; Cohen et al., 2016). From our survey, we learned that this co-designed project involved working “…directly with UN Global Environmental Facility and Tanzania Fisheries Research Institute personnel in the development …[and]… execution of the research” (A.S. Cohen, personal communication). Also in freshwater environments, Madgwick et al. (2011) used an approach combining historical and macrophyte data with pollen and plant macrofossil data from ~200-year-old lake sediment cores to develop a restoration recommendation for a shallow, high-nutrient lake (Barton Broad, UK; Figure 4D), which is a popular tourist destination supporting the local economy. After three decades of unsuccessful lake restoration using techniques like sediment removal and nutrient reduction, the authors recommended prioritizing efforts to lower the nutrient status and build habitat structure appropriate for aquatic plant communities rather than an approach focused on using a list of aquatic plant species—compiled from anecdotes and historic documents—to restore the lake conditions (Madgwick et al., 2011). A government report for the Broads Authority, Norwich and Natural England on management activities at Broads National Park considered the paleolimnological evidence from Madgwick et al. (2011) by using the study to establish “indicators of restoration success” of aquatic plant species to restore more natural lake conditions (Phillips et al., 2015).

In the U.K., national conservation agencies (e.g., Countryside Council for Wales and Natural England) commissioned paleoecological studies to understand the history of mire degradation and inform conservation management, and decidedly “bridge the gap” (Chambers et al., 2013, 2017). In response to the national call for paleoecologists to collaborate with conservation managers, Chambers et al. (2017, p. 73) generated plant macrofossil, fossil pollen, and magnetic susceptibility data spanning the past 3,000 years in northern England. The geohistorical data impacted the design of action plans for the restoration of peat-forming plants via the translocation of plant species to replace species that are no longer present at the site. This collaboration between managers and researchers ensured that the data informed regional, national, and international agencies (e.g., Yorkshire Peat Partnership (YPP), Natural England, and the International Union for the Conservation of Nature). At West Arkengarthdale, another degraded peatland in the UK, a study funded by the YPP identified plant species that would encourage peatland development based on analyses of humification (a proxy for wet and dry environmental conditions), fossil pollen, and plant macrofossils from a 6,700-year-old peat record (McCarroll et al., 2016). The collaborative approach between researchers and practitioners described in McCarroll et al. (2016) ensured the practitioners' management decisions were informed by the local site history.

One action study, with a mix of conservation and non-conservation author affiliations, focused on an endemic terrestrial mammal, the Hispaniolan solenodon (Solenodon paradoxus; Gibson et al., 2019). By using a combination of fossil and contemporary data sets suggesting anthropogenic factors (rather than Pleistocene and Holocene climatic changes) reduced the geographic range of the Hispaniolan solenodon, Gibson et al. (2019) reported that communicating the results with their conservation partners allowed them to more precisely identify locations for targeted management approaches to rewild. Another action study that was focused on a specific species successfully determined the timing of arrival and slow spread of a disputed invasive plant species, the tree daisy (Olearia lyallii), in the sub-Antarctic Auckland Islands using fossil pollen from peat cores from the past millennium (Wilmshurst et al., 2015). The New Zealand Department of Conservation reacted to the study by continued monitoring of the plant “…rather than trying to eliminate it saving potentially thousands of dollars” (J. Wilmshurst, personal communication). In Ireland, documented implementation of recommendations generated from 6,000-year-old fossil pollen in a lake sediment core included propagating seeds from a rare stand of Scots pine (Pinus sylvestris; Figure 4C) at Rockforest Lough, which was once thought to be extinct in Ireland. The discovery of the Scots pine stand at Rockforest resulted in it becoming listed as a genetic conservation unit (McGeever and Mitchell, 2016), and identified as a seed source for planting Scots pine at two other sites by managers of the Irish National Parks and Wildlife Service (Roche et al., 2018; Roche, 2019).

In a synthesis analysis, monitoring of a network of 15 lakes in the National Park System (NPS) of the Upper Midwest Region, USA, indicated these lakes exceeded the nutrient reference criteria established by the U.S. Environmental Protection Agency. By coupling modern nutrient measurements with pre-1900s conditions based on diatom inferred total phosphorus, pH, and specific conductance from lake sediment cores, the study revealed that the nutrient status of many lakes had not changed historically (pre-1900s), except for shallow, small lakes in the region (VanderMeulen et al., 2016). The study, which was led and co-authored by NPS aquatic ecologists, provided information to refine reference criteria for smaller spatial scales, such as the NPS Great Lakes Inventory and Monitoring Network, one of the first NPS inventory and monitoring frames to combine modern and diatom-inferred water quality data.

In the Greater Everglades Ecosystem in Florida, USA (Figure 4E), the Comprehensive Everglades Restoration Plan (CERP), headed by the Army Corps of Engineers, brought together scientists and practitioners across state and federal levels to develop project teams that were required to produce performance measures and restoration targets. Marshall et al. (2014) developed a model that applied a modern analog dataset to mollusk assemblages from sediment cores to estimate past salinity conditions in Florida Bay to fill a pre-1900s information gap in historical rainfall and salinity records. Results from the study are being used by CERP's Restoration Coordination and Evaluation Southern Coastal Systems team to set targets for how much freshwater flow from the Everglades is needed to lower salinity conditions to a more natural state in the Florida Bay estuary, which has experienced hypersaline conditions since the early 1900s due to a waterflow deficit.

These bright spots underscore a common theme that emerged from our literature review and survey. A reliable route to producing actionable conservation paleobiology research is collaboration, whereby academic researchers and conservation practitioners work together to ensure research results meet the specific needs of conservation practitioners. Aspiring conservation paleobiologists could consult the growing body of literature on this important topic for additional guidance and recommendations on what to do and how to start (e.g., Knight et al., 2008; Cook et al., 2013; Hulme, 2014; Cvitanovic et al., 2016; Beier et al., 2017; Boyer et al., 2017; Savarese, 2018; Gerber et al., 2020).



Moving from potential to application in deep time

From our literature review, research in applied conservation paleobiology focuses almost completely on near-time scales (96%; Figure 2B), with most action studies being restricted to the Holocene (Supplementary Table 3). The scant number of deep-time applied studies in the corpus confirms that they are less systematically pursued by conservation paleobiologists than near-time studies (Dietl and Flessa, 2017; Dietl, 2019). Indeed, a recent survey of the conservation paleobiology community suggests that deep-time records are perceived by many conservation paleobiologists to be too far removed from application to be of immediate value to conservation practice (Dillon et al., 2022): 93% of survey respondents thought near-time scales were useful to conservation practice, in contrast to only 63% for the deep-time fossil record (see also Dietl et al., 2019; Kiessling et al., 2019). Looking to the distant past for guidance in solving today's conservation problems may seem like an unnatural act (Dietl, 2019), but the deep time record of the Earth's history contains abundant opportunity to evaluate pressing questions about biotic responses to a range of environmental stressors outside of our experience, especially unchecked climate change—one of the greatest threats to our ways of life and place in the natural world. Moving from potential to application in deep-time research, however, will require more than motivating participation and publishing additional studies, which, by itself, is not a guarantee of future application. Our findings suggest that a different strategy is more likely to work. Conservation paleobiologists could build collaborations with conservation practitioners and other stakeholders to identify specific decisions that can be informed by deep-time studies, and then jointly define the research questions, to better tailor their research to the immediate needs of the intended end-users.



Limitations

Our approach for assessing the knowing-doing gap in the applied conservation paleobiology literature is not without limitations. First, we note that our corpus was limited to English language peer-reviewed studies. Excluding non-English references could have introduced a geographic selection bias against other regions of the world (Amano et al., 2021). However, Dillon et al. (2022) did not find any non-English empirical research studies to include in their literature review of self-identified conservation paleobiology studies published over the last 20 years even though they were included in their search. They found conservation paleobiology research primarily originated in English-speaking countries (Dillon et al., 2022), which suggests that non-English publications may be rare in the field of conservation paleobiology and may have more to do with where conservation paleobiology studies are being conducted. Second, we recognize limitations to our assessment of the corpus. An uneven distribution of researchers and practitioners working in different ecosystems (terrestrial vs. freshwater vs. marine) or taxa (plants vs. others) may have introduced bias into our analysis of the proportion of action studies associated with each habitat type, ecological focus, proxy, and/or taxonomic focus. This limitation, however, does not affect how we measured the extent of the knowing-doing gap. Third, we did not account for a “clumping effect” in our analysis: there may be specific lab groups, researchers, or networks of researchers that are publishing prolifically in conservation paleobiology. If this clumping effect is real, and the trend in action-oriented work is limited to a small network of researchers, then our estimate of the gap for the applied conservation paleobiology community is, in fact, conservative.

Finally, other errors may have arisen due to a bias in the study design, which could lead to overestimation of the gap. For instance, bias may have been introduced if our search strategy, which targeted applied studies that made a direct connection to conservation, restoration, and management audiences, was inefficient and missed relevant studies from the broader conservation paleobiology community (sensu Dillon et al., 2022). But it is hard to imagine that this limitation of our sampling strategy would change our conclusion (in fact, including research aimed at discovery would likely only widen the gap), given that conservation practitioners often report that a large amount of basic conservation research focuses on issues that are not relevant to conservation practice (Fazey et al., 2005; Cook et al., 2013). We also did not search the gray literature, which may represent a significant proportion of the available documented support for conservation decisions (Linklater, 2003; Haddaway and Bayliss, 2015; Hogg et al., 2018), especially in the tropics where gray literature is often the only source of information available for particular areas or species (Corlett, 2011). Again, however, it is hard to imagine that this limitation would change our conclusions, given we are still in the early stages of the diffusion of the conservation paleobiology innovation. Most conservation practitioners are not aware of the approach (Durham and Dietl, 2015) or are still in the information gathering stage of how the approach might benefit their work. As the conservation paleobiology innovation continues to scale and is adopted by conservation practitioners (i.e., the approach is routinely mentioned in practitioner-generated research outputs—reports, government papers etc.—published in the gray literature), searching for and including action studies from this untapped pool of information will form a vital part of the evidence base for any future assessment of the knowing-doing gap in conservation paleobiology. Until that time comes, although peer-reviewed studies cannot fully capture the relationship between academic researchers and practitioners or research and action (e.g. Savarese, 2018), peer reviewed journals are the forum by which academic researchers communicate with each other and document their work, and thus are the best evidence available to assess the size and nature of the knowing-doing gap in conservation paleobiology.

After considering these limitations and potential biases, we remain confident that we have captured a robust, wide knowing-doing gap in conservation paleobiology, which is remarkably similar to conservation biology and other allied fields in the environmental sciences. The first step in closing the knowing-doing gap is understanding the magnitude of the problem.




Conclusion

Our goal to measure the knowing-doing gap in conservation paleobiology validates what most workers in the field already intuitively suspected—the existence of a sizeable gap between theory and practice. We also found encouraging bright spots where geohistorical data and insights are being used in myriad ways relevant to conservation practitioners, with actionable outcomes. Our findings about collaboration in particular highlight that successfully navigating the knowing-doing gap in conservation paleobiology occurs in spaces where conservation practitioners and researchers engage in active knowledge exchange, where paleontological research informs management actions and management needs inform paleontological research. We recommend deliberate engagement with conservation practitioners through collaborative research opportunities and communication beyond publication between academic researchers and conservation practitioners to build trust and increase the chances of producing actionable conservation paleobiology research. Moving forward, conservation paleobiologists could rally around community-driven initiatives like the Conservation Paleobiology Network2 and redouble efforts to mobilize training opportunities and support for this practice. The knowing-doing gap in conservation paleobiology is real, but not insurmountable.
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Footnotes

1Authors of action studies that responded to our survey served as an independent check of the suitability of the criteria (Table 2) we used to identify action studies in the literature review. All authors confirmed that the findings from their study had been used or considered by conservation practitioners.
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Identifying refugia— specifically places where species can persist during periods of regionally unsuitable climate— is increasingly important for conservation practitioners and land managers charged with protecting biodiversity in a rapidly warming world. Currently, many researchers assist in this process by building models to predict areas of refugia using climate data projected into the future under different climate scenarios; however, the coarse spatial scale of future climate data can be orders of magnitude larger than the scale of refugia on the landscape. Conservation paleobiology is an emerging field that can contribute to the identification of climate refugia by looking at the macrofossil records contained in sediments to better understand the response of species to past climate change within a small area, and allows us to ground-truth hypotheses about specific areas functioning as climate refugia. Here, we present a conservation paleobiology case study to update vulnerability assessments for subalpine plant species in Acadia National Park and locate potential future refugia on the landscape. We analyzed plant macrofossils in a sediment core from Sargent Mountain Pond in Acadia National Park (Maine, United States) at a fine spatiotemporal resolution to test the hypothesis that the area served as a past climate refugium for the subalpine species it currently hosts. We found that, when compared to a pollen record from a forest hollow core collected on Mount Desert Island, the macrofossils reflect a more stable presence of subalpine taxa throughout the Holocene Climatic Optimum (8,000–5,000 BP) than was observed at lower elevations. Our results indicate the importance of a complementary approach that combines plant macrofossils and pollen in addition to modeling to identify refugia and better understand the vulnerability of species and communities to climate change.

KEYWORDS
 macrofossils, conservation paleobiology, subalpine, refugia, climate change vulnerability assessment


Introduction

Identifying climate refugia with paleobiological data can refine climate change vulnerability assessments (Dietl and Flessa, 2011; Morelli et al., 2016). Climate refugia are local sites that support taxa unlikely to survive in the regional climate: these sites may be decoupled or buffered from regional trends in climate (Rull, 2009; Dobrowski, 2011). In the 20th century, paleobiologists developed this concept to describe the survival of temperate taxa during the last glacial maximum. The southern Appalachians were refugia supporting taxa that could not survive at the glacial margin; local persistence through the Pleistocene signaled these were warm refugia (Barrington and Paris, 2007). Today, paleobiologists are more interested in refugia for cold-adapted species in a warming world (Keppel et al., 2015). Dramatic climate change occurred throughout the late Pleistocene and early Holocene: the Bølling-Allerød warm period’s abrupt onset of warming (14,700 BP), the abrupt climatic reversal to colder conditions at the onset of the Younger Dryas (12,800 BP; Peteet et al., 1990, 1993), another abrupt warming period immediately following the Younger Dryas (11,700 BP), and, later, the Holocene Climatic Optimum (8,000–5,000 year BP). Local persistence of cold-adapted taxa throughout these past periods of climate change signal potential refugia under present and future anthropogenic climate change. Identifying and protecting climate refugia is an important conservation strategy under anthropogenic climate change: these sites may be buffered from the most intense warming while protecting rear-edge populations of species experiencing range shifts (Willis and Birks, 2006; Morelli et al., 2016). Modeling research suggests that designing conservation strategies around cool refugia, rather than current biodiversity hotspots, leads to much higher rates of species conservation in the future (Nadeau et al., 2022). Paleobiology provides tools to identify these refugia (Hunter et al., 1988). Relict populations persisting in place throughout the Holocene against regional patterns of change are evidence of locally favorable climates for these cold-adapted species (Schauffler and Jacobson, 2002).

Pollen and plant macrofossil records point to potential climate refugia in the mountains of the northeastern United States. There is a rich paleobiological record of dynamic plant assemblages shifting across the lowlands of the northeast since glacial retreat (Davis et al., 1980; Schauffler and Jacobson, 2002; Oswald et al., 2018). In contrast, only two sets of sediment cores collected along elevation gradients reach into the alpine-treeline ecotone with pollen and macrofossil data (see Figure 1 for all cores referenced in this paper). These records from New York’s Adirondack Mountains (Jackson and Whitehead, 1991) and New Hampshire’s White Mountains (Spear, 1989; Spear et al., 1994; Miller and Spear, 1999) reflect a relatively stable vegetation history at high elevations. In the Adirondacks, lower elevation sites (approximately 1,000 m and below) saw frequent shifts (500 to 4,000-year intervals) in the dominance of tree taxa, while at the highest elevation site (1,320 m) Picea and Betula papyrifera co-dominance (beginning 8,200 years BP) shifted to B. papyrifera dominance approximately at 7500 BP, then Abies balsamea dominated from 6,200 years BP to present (see Jackson and Whitehead, 1991, Figure 7). In the White Mountains, four subalpine and alpine lakes (1,140–1,676 m) record shifts in species’ elevation range and dominance over much of the 13,000-year record (Spear, 1989). However, during the post-Younger Dryas warming period (10,300 years BP) these shifts in community composition were more obvious at lower elevations while high elevations maintained communities dominated by Abies and Picea (Spear et al., 1994, Figure 9). These records from the Adirondack and White Mountains suggest a persistent presence of subalpine taxa at the highest elevations throughout the Holocene.
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FIGURE 1
 Location of all cores referenced in the paper. Red dots are cores referenced in the paper. The yellow star is the location of our core (as well as the location of a separate core collected by Norton et al. (2011) for limnological analyses). Cores include: Lake Tear of the Clouds (Jackson and Whitehead, 1991); Kinsman Pond, Deer Lake Bog, Eagle Lake Bog, and Lake of the Clouds (Spear, 1989; Spear et al., 1994; Miller and Spear, 1999); Blackwoods (Schauffler and Jacobson, 2002); Sargent Mountain pond (Norton et al., 2011) this study.


Assessing high elevation refugia in records from the Adirondacks and White Mountains requires macrofossils. Pollen analysis alone did not capture the contrast between dynamic lowlands and stable alpine sites (Spear, 1989; Jackson and Whitehead, 1991; Spear et al., 1994; Miller and Spear, 1999). Pollen influx at a regional scale can obscure the local vegetation signal, and, at sites near treeline, lakes will collect pollen carried upslope on the wind from forested lowlands (Webb, 1993; Birks and Birks, 2000). Thus, to identify local refugia in the paleorecord, we must look to proxies that more accurately reflect local presence. Plant macrofossils such as leaves, twigs, buds, cone scales, or needles are orders of magnitude larger and heavier than pollen, and thus tend to settle close to the parent plant, recording vegetation changes at the spatial scale of alpine refugia (Davis et al., 1980; Birks and Birks, 2000). Refugia should support a stable presence of cold-adapted taxa in the macrofossil record despite shifts in regional plant dominance (as recorded by pollen) in response to climate change during the Holocene.

Are the mountains of the northeast climate refugia? While paleobiological records from the alpine-treeline ecotone in the Adirondacks and White Mountains suggest the persistence of subalpine taxa throughout the Holocene, these studies were not designed to assess refugia or support conservation work, and represent only a few peaks in a region that stretches from upstate New York to coastal Maine (Spear, 1989; Jackson and Whitehead, 1991; Spear et al., 1994; Miller and Spear, 1999). The northeast mountains and the alpine-treeline ecotone support tundra relicts from the late Pleistocene; these alpine and subalpine plant taxa at the southern edge of their ranges are isolated by topography, ecology, and management in the northeast today, and unsurprisingly rank medium to high in climate change vulnerability assessments (Kimball and Weihrauch, 2000; Norton et al., 2011; Capers et al., 2013; Whitman et al., 2013; Ulrey et al., 2016). Identifying climate refugia with paleobiology and macrofossil analysis will help conservation managers refine such vulnerability assessments. Persistent subalpine macrofossils in local sediment records throughout the Holocene suggest the presence of a climate refugia, and indicate that these sites may buffer the vulnerability of taxa to anthropogenic climate change.

Here, we assess a climate change refugium for the alpine-treeline ecotone with paleobiological data at one of the lowest elevation sites supporting subalpine taxa and open ridges in the northeastern United States. Acadia National Park, located on the coast of Maine, is both regionally and nationally important (Publicover et al., 2021), attracting approximately 4 million visitors annually (National Park Service, 2022). Acadia’s Sargent Mountain is among the shortest peaks in the northeast to support alpine-treeline ecotone communities. Sargent Mountain Pond, a kettle hole located on the ridge, may be the oldest lake in Maine (Norton et al., 2011). The topographic complexity of the park’s summits, as well as Acadia’s proximity to the coast, are both hallmarks of potential refugia (Schauffler and Jacobson, 2002; Graae et al., 2018). The persistent presence of cold-adapted species in this macrofossil record would indicate that these peaks, and likely most taller mountains throughout Maine, served as cool climate refugia throughout the late Pleistocene and Holocene.



Study area

Sargent Mountain Pond (elevation 418 m; 44.334519, −68.269604) is located in Acadia National Park in Hancock County, Maine, United States (Figure 2). Sargent Mountain is the second tallest peak in Acadia and the Sargent South ridge lies to the west of the pond. The Maine Natural Areas Program classifies the system as a rocky summit heath (Gawler and Cutko, 2010), which is characterized by communities consisting of shrub or sapling Abies balsamea; shrub Betula populifolia, Thuja occidentalis, Picea rubens, Amelanchier sp., Viburnum nudum, Ilex sp.; dwarf shrubs Rhododendron candense, Rhododendron groenlandicum, Gaylussacia baccata, Kalmia angustifolia, and Vaccinium angustifolium; and Sphagnum mosses. The exposed ridge also supports Sibbaldiopsis tridentata, a common species in outcrops and alpine ridges, and Vaccinium vitis-idaea, a boreal species. The kettle hole lake Sargent Mountain Pond, on the southern ridge of Sargent Mountain was first exposed during deglaciation, approximately 16,600 years BP (Norton et al., 2011). The pond is mostly fed by precipitation and surface runoff, with a small amount of groundwater possibly entering through bedrock joints, and it drains into a fen to the southeast. Thirty-year climate normals (1991–2020) for Acadia National Park obtained from NOAA show an average range of 20.9°C in July to −4.6°C in January, with an average of 55.4 in. of precipitation yearly. Sargent Mountain pond was previously cored in March 2007 for an analysis of nutrient cycling, lake chemistry, sedimentation, and fire history (Norton et al., 2011). While nine pollen samples were analyzed at a coarse resolution spanning 16,600–9,800 BP, there has as yet been no plant macrofossil record from this site.
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FIGURE 2
 Location of the two cores from Mount Desert Island relative to the state of Maine. The star depicts our core, and the red dot depicts a forest hollow core collected at the Blackwoods campground (Schauffler and Jacobson, 2002).




Materials and methods


Sediment core acquisition and chronology

We collected two overlapping sediment cores in September 2017 with a modified Livingstone square-rod piston sampler, using a Bolivia adapter and polycarbonate core tube for soft surface sediments. Our core was taken from the deepest part of the pond to avoid boulders and slumping from the pond’s steep slopes. At approximately 0.75 ha, the pond is small enough that even the deepest part of the basin should contain abundant plant macrofossils. Our 409.5 cm core was built as a composite of these two overlapping cores, to avoid core gaps or disturbed sediments between drives. The core was split, imaged, and scanned, at the Continental Scientific Drilling facility at the University of Minnesota (CSD; formerly LacCore), then subsampled into 0.5 cm slices. One half of the split core remains at CSD for archiving, and the working half was transported to the University of Maine and kept in refrigeration (See Supplement 2 for the full core description).

Six terrestrial plant macrofossils were sent to the W.M. Keck Carbon Cycle AMS facility at UC Irvine for radiocarbon dating (Table 1). The R package bacon v 2.5.8 (Blaauw and Christen, 2011) was used to calibrate the radiocarbon dates and produce a Bayesian age-depth model for the core (see Supplement 1 for further discussion of our bacon age-depth model). Radiocarbon dates (Table 1) were calibrated using CALIB v8.2 (Stuiver and Reimer, 1993). Throughout the results, we report the median ages (Cal yr. BP) of the fossils as output by the bacon.hist function.



TABLE 1 Radiocarbon ages for Sargent Mountain Pond obtained from W. M. Keck Carbon Cycle AMS facility at UC Irvine, 2 sigma calendar year age ranges obtained from CALIB 8.2 (and rounded to the nearest 10 years), and the type of material analyzed.
[image: Table1]



Macrofossil analysis

We sieved one approximately 5 cm2 core slice every 2.5 cm for macrofossils. For this study, we focused on the bottom half of the core, which covers early- to mid-Holocene warming during the Holocene Climatic Optimum (~8,000–5,000 BP). Each sub-sample was placed in a beaker and mechanically disaggregated with DI water. The slurry was poured into a 250 μm sieve over a beaker, and DI water was used to break up any large clumps. The contents of the sieve were transferred to a petri dish, and DI water was added to cover the bottom of the dish in a thin layer of water and sediment. The petri dish was placed under a dissecting scope and systematically searched for plant fragments using 10x magnification (see Figure 3 for examples of macrofossils). As fossils were found, they were placed into 1/2 dram glass shell vials using a fine-tipped nylon paintbrush. Each plant macrofossil was identified using the reference collection at the University of Maine and CSD’s online TMI database (TMI ImageSieve, n.d.). Then the sediment was swirled and searched again under 20 × magnification. The process was repeated until all plant macrofossils were removed and identified. Vials were dried in an oven at 25°C until no water was present and then moved to a refrigerator for long-term storage or subsequent radiocarbon dating. In total, we analyzed 74 subsections of the core spanning 13,290–4,660 BP.

[image: Figure 3]

FIGURE 3
 Photos of macrofossils from the Sargent Mountain Pond core, with the depth found included in parentheses: (A) Cyperaceae achene (287.5 cm), (B) Betula sp. seed (260 cm), (C) Picea sp. needle (375 cm), and (D) Betula sp. catkin scale (272.5 cm).





Results

A total of 108 terrestrial plant fossils were identified from this interval (Figure 4). These fossils are representative of plants currently found on the peak of Sargent Mountain or generally found in Acadia National Park. The oldest parts of the core (375.5–408.5 cm) consisted primarily of clay and glacial till containing no fossils. The oldest macrofossil identified for this analysis was the sporangia of a leptosporangiate fern dated at 13,090 BP. By 12,880 BP the plant macrofossils indicate that ferns, Alnus, Picea, and Abies were all present at the site. Ferns were still present in 12,750 BP alongside some unidentifiable leaf and stem tissues. 12,640 BP marks the first appearance of Juniperus in our record, most likely Juniperus communis. By 12,470 BP Betula was present at the site alongside Picea and Abies macrofossils. One Acer seed macrofossil co-occurs in the record at 12,320 BP with Abies needles. Acer was reported in the Mount Desert Island forest hollow pollen analysis and is commonly found in the park, but is not currently found on the Sargent Mountain ridge. Alnus, another taxa that is not restricted to alpine habitat in the park appears again at 11,990 BP. From 11,320 BP to 7,560 BP, the plant macrofossils observed were restricted to Abies, Betula, Juniperus, and Picea. At 7,560 BP we recorded a Cyperaceae achene. Cyperaceae does not appear again in the rest of our record. From 7,560 to 4,880 BP, the only macrofossils we recorded were from Abies, Betula, Juniperus, and Picea. The last fern sporangia in our record also occurred at the latter date.
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FIGURE 4
 Plant macrofossil abundance from 13,290 BP to 4,660 BP (390–200 cm). Blue shaded graphs show counts of macrofossils of universal cold-loving species, green shaded graphs show counts of macrofossils that are potential cold indicators, pink shaded graphs show counts of macrofossils from warm indicator species, and yellow shaded graphs show counts of other, non -indicator species. Unidentifiable fragments of leaves and twigs were also collected in this core but, as they had no diagnostic characteristics, are not included in the stratigraphy. We also found evidence of Daphnia and Chara as well as other aquatic organisms, but the aquatic community in the lake is beyond the scope of this paper. We used the R package rioja (Juggins, 2020) to make this diagram.




Discussion

The Sargent Mountain Pond macrofossil record provides a proof-of-concept case study for conservation paleobiology research testing hypothesized refugia in partnership with conservation practitioners. Our results reveal that Sargent Mountain was a refugium for cold adapted taxa throughout the early Holocene and the Holocene Climatic Optimum. The persistence of macrofossils from these taxa through past rapid warming events suggests that this site—and taller mountains in Maine—may be buffered from current climate change (Dobrowski, 2011; Morelli et al., 2016). Climate change vulnerability assessments for Maine (Whitman et al., 2013; MCC STS, 2020; Publicover et al., 2021) are already considering paleobiological data: for example, Climate Change and Biodiversity in Maine: Vulnerability of Habitats and Priority Species cites Miller and Spear (1999) in its assessment of alpine habitat vulnerability. But, until now there have been no Maine-based records for vegetation at or above treeline through the early Holocene. Importantly, we co-produced our Sargent Mountain Pond work with Acadia National Park as part of a Smith Conservation Research Fellowship (Aslan et al., 2014) and an undergraduate capstone. Our research questions were designed to support park management priorities and broader efforts to understand climate change refugia (Smetzer and Morelli, 2019). Acadia National Park’s mountains support the lowest treeline in Maine. Across the state and region, researchers and managers are actively collaborating to assess and manage alpine-treeline ecotones scattered across ridges under the conservation management of federal and state agencies and NGOs (Nelson et al., 2022). Paleobiology work, especially research grounded in macrofossil analysis (Birks and Birks, 2000), will continue to support these efforts and help us refine climate change vulnerability assessments.

Macrofossils from Sargent Mountain Pond reveal that this site was a refugium for cold-adapted plant taxa throughout two Holocene warming periods, and suggest that the low, open ridges of Acadia National Park serve as climate refugia for subalpine plant communities today. Abies, Juniperus, and Picea macrofossils appear throughout the sediment record from 12,880 to 5,170 BP. Juniperus communis is common on Acadia’s cliffs, balds, and ledges today; it is an indicator of open habitats like the alpine-treeline ecotone (Mittelhauser et al., 2010). Juniperus communis is a widespread, circumboreal species that extends from Greenland throughout Canada and Alaska, down as far as Georgia where it grows on isolated mountaintops (Tirmenstein, 1999). Abies and Picea are two of the characteristic canopy trees in the Fir-Heart-leaved Birch subalpine forest community (Gawler and Cutko, 2010). Abies currently extends from Virginia to Hudson Bay, and Picea rubens, the dominant spruce in Acadia, ranges from North Carolina to Hudson Bay, although three types of spruce—black, red, and white—are currently found in the park. Betula seeds also appear in our record, but we were unable to identify these macrofossils to species and not all birches are indicators of cool climates and subalpine plant communities. Four species of Betula are present in the park today. Betula alleghaniensis extends from Georgia to Hudson Bay; Betula cordifolia (which some indicate as a variety of B. papyrifera) extends from North Carolina to Hudson Bay, but is absent in New Jersey, Delaware, and Maryland; Betula papyrifera is present from North Carolina to Hudson Bay, extending across the plains and up into Alaska; finally, Betula populifolia is found in North Carolina to Hudson Bay. Cold adapted taxa are never completely replaced by warm adapted taxa in our macrofossil record. The persistent presence of cold-adapted macrofossils from taxa still found on Sargent Mountain ridge today illustrate local resistance to regional climatic changes.

The persistent presence of cold-adapted macrofossils on Sargent Mountain contrasts with evidence of a dynamic forest history in the early Holocene at low elevations on Mount Desert Island. Pollen analysis representing stand-scale dynamics from a low elevation (30 m) wet depression at Blackwoods, a site a few kilometers to the southeast of Sargent Mountain Pond, features taxa peaking and declining throughout the late Pleistocene and Holocene (Schauffler and Jacobson, 2002). We do not expect the Blackwoods and Sargent Mountain pond source areas to overlap, as the pollen from the forest hollow below a closed canopy should come from 50 m to a maximum of a few hundred meters. At Blackwoods, Pinus pollen jumps to peaks around 9,000 BP and 7,000 BP; Pinus does not appear in our macrofossil record. Taxa associated with warmer microclimates including Acer and Quercus appear throughout the Blackwoods pollen record; in contrast we found just a single Acer seed at 12,320 BP, and it co-occurs with Abies needles. Pollen in lake sediments is a regional record (Jackson and Whitehead, 1991; Webb, 1993); the pollen in forest hollows like Blackwoods is more local, recording stand-level taxa within a few hundred meters (Schauffler and Jacobson, 2002). Macrofossils reflect the local flora at a finer spatial scale; while pollen can easily be transferred from below treeline and deposited in sediments above treeline, the source area for macrofossils is much more limited (Birks and Birks, 2000). Together, pollen and macrofossil analyses on Mount Desert Island describe a dynamic history of cold-adapted and warm-adapted taxa shifting in abundance around a low elevation forest hollow (Schauffler and Jacobson, 2002, Figure 4C), while higher elevation sites like Sargent Mountain Pond supported stable cold-adapted plant communities throughout the first half of the Holocene.

Sargent Mountain Pond is an extraordinarily low elevation refugium for subalpine plant taxa. Our macrofossil record at Sargent Mountain Pond is consistent with macrofossil records from the highest elevation sites in the Adirondack (1,320 m) and White Mountains (1,676 m) of the northeast. In New York’s Adirondack Mountains, forest composition was never steady for longer than 2,000 years—except at 1,320 m where Abies macrofossils anchored the 8,000 year record with Picea and Betula papyrifera consistently also appearing (Jackson and Whitehead, 1991). Cold-adapted taxa persisted at this high elevation site throughout the Holocene. In New Hampshire’s White Mountains, pollen and macrofossil evidence supports a relatively stable location for treeline from 10,000 BP to present (Spear et al., 1994). Abies and Picea dominate the subalpine forest below treeline over the last 9,000 years (Spear, 1989), and sediments at the highest elevation site include macrofossils of open-habitat herbs and mosses, suggesting that it has never supported a closed canopy forest (Miller and Spear, 1999). We found similar persistent records of cold-adapted and open-habitat taxa at Sargent Mountain Pond throughout the first half of the Holocene. If this small peak (at only 418 m) was able to support subalpine taxa through the Holocene, taller mountains with more surface area above treeline across Maine may also be refugia. Sargent Mountain is not just considerably smaller than the other mountains supporting alpine habitats in Maine, it is also located on the coast. The coastal influence on the climate of Maine’s islands seems to have sustained cool refugia for spruce throughout the Holocene, and may have also supported subalpine refugia on island peaks (Schauffler and Jacobson, 2002). However, throughout the Anthropocene the Gulf of Maine has warmed, with accelerated warming recorded in the last decade; 2015–2020 was the warmest 5-year period in the instrumental record and average temperatures are expected to increase 1.1–2.4°C by 2050 (Pershing et al., 2021; Seidov et al., 2021). The influence of the Gulf of Maine and the effect of warming water temperatures on Mount Desert Island’s mountain microclimates are not fully understood. But, recognizing Sargent Mountain Pond as a refugium for subalpine and alpine-treeline ecotone taxa throughout the Holocene should shift how conservation practitioners assess and manage the climate change vulnerability of these plant communities (Hunter et al., 1988; Dietl and Flessa, 2011; Morelli et al., 2016).



Conclusion

Understanding and identifying climate refugia is a top priority for conservationists and managers currently working to protect alpine and subalpine systems in the northeastern United States. Refugia provide suitable habitat for in situ conservation under anthropogenic climate change (Keppel and Wardell-Johnson, 2012; Morelli et al., 2016). Macrofossil evidence shows the ridge around Sargent Mountain Pond consistently supported cold adapted plant taxa throughout warm climates during the first half of the Holocene, at the same time pollen data reflects dynamic vegetation changes at lower elevations at the scale of Mount Desert Island. Our macrofossil analysis indicates that plant communities at treeline in Acadia National Park may be less vulnerable than expected to climate change due to this refugium. The Sargent Mountain macrofossil record could thus provide critically timed data to support managers at Acadia National Park as they grapple with conserving and prioritizing management actions for important cultural and ecological landscapes in the face of ongoing climate change. Across the United States, National Parks are among the landscapes most exposed to climate change with high latitudes, high altitudes, and coastal locations facing dramatic impacts of climate change (Gonzalez et al., 2018). Acadia National Park and its low-elevation subalpine refugia indicate that some plant taxa may be more resilient to climate change than previously thought, though as warming extends beyond the range of the Holocene, many uncertainties remain. Our results support a growing body of conservation paleobiology literature illustrating how paleorecords can broaden our understanding of how at-risk organisms respond to rapid climatic changes, in support of their ongoing management in a warming world (Dietl and Flessa, 2011).
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Threatened animal taxa are often absent from most of their original habitats, meaning their ecological niche cannot be fully captured by contemporary data alone. Although DNA metabarcoding of scats and coprolites (palaeofaeces) can identify the past and present species interactions of their depositors, the usefulness of coprolites in conservation biology is untested as few endangered taxa have known coprolite records. Here, we perform multilocus metabarcoding sequencing and palynological analysis of dietary plants of >100 coprolites (estimated to date from c. 400–1900 A.D.) and > 100 frozen scats (dating c. 1950 A.D. to present) of the critically endangered, flightless, herbivorous kākāpō (Strigops habroptilus), a species that disappeared from its natural range in Aotearoa-New Zealand (NZ) after the 13th C. A.D. We identify 24 orders, 56 families and 67 native plant genera unrecorded in modern kākāpō diets (increases of 69, 108 and 75% respectively). We found that southern beeches (Nothofagaceae), which are important canopy-forming trees and not an important kākāpō food today, dominated kākāpō diets in upland (c. >900 m elevation) habitats. We also found that kākāpō frequently consumed hemiparasitic mistletoes (Loranthaceae) and the holoparasitic wood rose (Dactylanthus taylorii), taxa which are nutrient rich, and now threatened by mammalian herbivory and a paucity of dispersers and pollinators. No single dataset or gene identified all taxa in our dataset, demonstrating the value of multiproxy or multigene datasets in studies of animal diets. Our results highlight how contemporary data may considerably underestimate the full dietary breadth of threatened species and demonstrate the potential value of coprolite analysis in conservation biology.

KEYWORDS
 ancient DNA, conservation palaeobiology, coprolites, metabarcoding, New Zealand, palaeoecology


1. Introduction

Accurate data that comprehensively reflects the diets and interspecific interactions of endangered animals are often required for supporting decision making around their conservation management. For example, the translocation of an animal species to a new locality may fail, if the new locality lacks the animal species’ favoured food species (Griffith et al., 1989). Animal populations may not recover if important diet species are declining or endangered (e.g., Fritz and Hinckley, 2005). Further, species with important ecological functions, such as pollinators, seed dispersers or keystone predators, make especially ideal targets for conservation (e.g., Dimmerstein and Wemmer, 1988). However, threatened animals are often elusive and/or occupy isolated habitats, presenting challenges for dietary studies (e.g., Shehzad et al., 2012). Furthermore, research efforts may disrupt natural behaviors and stress wild animals, meaning non-invasive research techniques are frequently desirable (Putman, 1995; Romero, 2004). Analyses of scats provide a useful approach to indirectly analyse animal diets and species interactions (Kohn and Wayne, 1997), with DNA metabarcoding methods able to identify even heavily digested or microscopic taxa (de Barba et al., 2014; Kartzinel et al., 2015; Srivathsan et al., 2015; O’Rourke et al., 2020). Due to these advantages, scat metabarcoding is increasingly being used as tool in wildlife management (e.g., Young et al., 2020; Huang et al., 2021; Quéméré et al., 2021; Querejeta et al., 2022).

Contemporary data alone can, however, underestimate a species’ diet or niche space if the study species was formerly more widespread (Monsarrat et al., 2019; Kerley et al., 2020). For example, many relict species are absent from most of their original habitats, and now only exist in areas undesirable or inaccessible to humans, pathogens or invasive predators (Van Riper III et al., 1986; Beauchamp and Worthy, 1988; Kerley et al., 2012, 2020). Coprolites (palaeofaeces), record past diets and interspecific interactions of the depositor, with Late Quaternary coprolites (50 ka to present in age) often retaining amplifiable ancient DNA (aDNA). Due to the degradation of endogenous DNA and the high risk of contaminant DNA in ancient samples, DNA analysis of coprolites can be methodologically challenging. Nonetheless, coprolite metabarcoding has successfully been applied to Aotearoa-New Zealand’s (NZ’s) extinct megaherbivore ratite moa (Dinornithiformes) (Boast et al., 2018; Wood et al., 2021), kurī (the extinct NZ Polynesian dog, Canis lupus familiaris) (Wood et al., 2016), Pleistocene arctic megafauna (Willerslev et al., 2014) and the extinct caprine Myotragus balearicus (Welker et al., 2014), as well as Atacama rodent middens (which comprise coprolite materials) (Wood et al., 2018). As with modern scat metabarcoding, coprolite metabarcoding has expanded the known diets of the depositor taxa. For example, coprolite metabarcoding performed by Boast et al. (2018), resulted in the identification of plant-moa interactions that were not detected through DNA cloning or fossil analyses of the same coprolite specimens (Wood et al., 2008, 2012a, 2013a). However, the potential use of metabarcoding analyses of coprolites in conservation palaeobiology is untested as few threatened animal species are known or suspected to have left extensive coprolite records.

The critically endangered, flightless, nocturnal kākāpō (Strigops habroptilus) endemic to NZ and the world’s heaviest parrot (some individuals exceeding 4 kg) may have one of the most extensive coprolite records of any endangered species. Hundreds to thousands of coprolites believed to originate from kākāpō have been discovered in at least 13 caves and rockshelters in NZ’s South Island (Wood and Wilmshurst, 2014), probably as they were kākāpō roosting or nesting sites (Worthy, 1997) (sites reviewed in Appendix). Fossils show that kākāpō were regionally abundant and occurred across NZ’s mainland (North and South Islands, as well as the smaller Stewart Island/Rakiura) forests and subalpine shrublands adjacent to forest at the time of human arrival in the 13th C. A.D. (Worthy and Holdaway, 2002; Wilmshurst et al., 2008; Boast, 2021; Figure 1). However, habitat loss, predation by introduced mammals and human harvesting reduced the kākāpō population to fewer than 20 aging males in high elevation areas of the Milford Sound catchment of Fiordland (far south-west South Island) observed between the 1950s and 1970s (Johnson, 1976; Atkinson and Merton, 2006; Butler, 2006) and a population of <200 individuals in the Tin Ranges of Southern Stewart Island observed in the 1970s–1990s (Best, 1984; Powlesland et al., 1992; Wilson et al., 2006; Figure 1). Kākāpō are now extinct on the NZ mainland, comprising an intensively managed population of 249 individuals (at the time of writing) on three small predator-free islands, to which they were translocated in the late 20th C. Two of these island refuges occur in the far south of NZ (Whenua Hou/Codfish Island, Pukenui/Anchor Island) and one in the far north of NZ (Te Hauturu-o-toi/Little Barrier Island) (Figure 1). As there is no evidence that they naturally occurred on these islands prior to their translocation, kākāpō are thus considered to be extinct in their natural range (Boast, 2021).

[image: Figure 1]

FIGURE 1
 Contemporary and former kākāpō distribution, adapted from Boast (2021). Collection sites are plotted, coloured by age group: (Red) ancient, (Green) historic, (Blue) modern.


Kākāpō are herbivores, consuming leaves, flowers, fruit, nectar, roots, twigs and seeds (Powlesland et al., 2006). Kākāpō diet is mostly of low nutritional value, which may explain why kākāpō have a low basal metabolism (Bryant, 2006) and breed non-annually (Powlesland et al., 1992; Wilson et al., 2006; von Hurst et al., 2015). Recent studies of kākāpō diet have mainly been on Whenua Hou. Observations of kākāpō on their only northerly refuge (Hauturu) are challenging due to the island’s steep and densely forested terrain (Trewick, 1996; Stone et al., 2017). Additionally, few historical observational studies of kākāpō are available for the NZ mainland (Johnson, 1976; Best, 1984; Powlesland et al., 1992; Atkinson and Merton, 2006; Butler, 2006; Wilson et al., 2006). The ecology of kākāpō is thus incompletely understood and enigmatic. For example, the only known reliable trigger for kākāpō breeding are masts (irregular mass-seed falls) of podocarps (Podocarpaceae), specifically rimu (Dacrydium cupressinum), with rimu seeds and “fruit” (fleshy bract scales) comprising most of the food fed to chicks (Powlesland et al., 2006). However, fossil remains confirm that kākāpō were common in habitats where rimu was absent, suggesting other plant taxa must have triggered kākāpō reproduction.

Detailed studies of kākāpō coprolites have focussed on plant microfossil data (Horrocks et al., 2008; Wood et al., 2012b), although kākāpō aDNA has been amplified from several specimens (Wood et al., 2012b, Boast et al., 2018). The study by Wood et al. (2012b) was particularly notable for finding evidence, from one coprolite, that kākāpō pollinated the endangered, parasitic wood rose (Dactylanthus taylorii) in prehistory. As, D. taylorii were thought to be exclusively pollinated by short-tailed bats Mystacina tuberculata (Ecroyd, 1996), and kākāpō and D. taylorii are no longer sympatric (except one reserve where kākāpō were recently translocated), the observation by Wood et al. was of key interest to both kākāpō and D. taylorii conservation. A metabarcoding study using 18S rRNA as a barcode region (Boast et al., 2018) identified parasitic apicomplexans and possible dietary fungi from kākāpō coprolites, but no plants (possibly due to amplification biases). Overall, although kākāpō coprolites have been confirmed to reveal previously unrecorded dietary species or interactions, plants from kākāpō coprolites have yet to be studied by aDNA data.

Here, we perform multilocus metabarcoding sequencing and palynological analysis of dietary plants from coprolites from across NZ’s South Island, frozen scats collected from their last wild populations on the NZ mainland, and recently collected scats from translocated populations on island reserves. We use these data to (a) expand the number of taxa known to be consumed by kākāpō, (b) expand the known habitat range of kākāpō, (c) identify lost ecological interactions between kākāpō and native plants, (d) identify potential breeding triggers in kākāpō and (e) address the potential of coprolite metabarcoding as a resource for conservation biology.



2. Methods


2.1. Materials, field sites and sampling design

We analysed 125 putative kākāpō coprolite samples (Figure 2, hereafter also referred to as “ancient” samples) from ten sites (Figures 1, 2; Table 1; Supplementary Figure S1; Dataset 1; Appendix), two from lowland mixed beech-podocarp forest (Hole in the Cliff Cave, Honeycomb Hill Cave), five in upland or subalpine southern beech forest (Mt. Owen Cave, Euphrates Cave, Hodges Creek, Magnesite Quarry and Takahē Valley), one unidentified site (samples labelled as “Mt. Cook,” an area with no known coprolite deposits) and two sites from semi-arid woodland/shrubland (Gibraltar Rock, Sawer’s Rockshelter).
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FIGURE 2
 Examples of kākāpō coprolites. (A) Aggregate of coprolites from Mount Owen Cave, (B) Coprolite from Euphrates Cave system (sample X17/14/03). (C) Coprolite sample (X17/14/03) after exterior removal prior to subsampling.




TABLE 1 Collection sites of samples in this study, sorted by age group.
[image: Table1]

In addition to coprolites, we sampled kākāpō scats collected and frozen by New Zealand’s Department of Conservation (DoC) and former NZ Wildlife Service (Figure 1; Table 1; Dataset 1; Appendix). These originated from two “historic” (c. 1950–1990) extinct, kākāpō populations on the NZ mainland (Fiordland, Stewart Island) (36 samples) and four “modern” (c. 1990-present) translocated kākāpō populations on offshore islands (Anchor Island, Hauturu, Maud Island, Whenua Hou) (81 samples) (Table 1; Dataset 1; Appendix). We hereafter collectively refer to “historic” and “modern” kākāpō scats as “recent,” to contrast them with “ancient” samples (coprolites). Most Whenua Hou and Anchor Island samples were collected during the 2017–2018 breeding season, when birds and chicks were consuming rimu. Maud Island samples came from “Flossie” and her chicks (from early 1998), who were consuming needles and immature cones of radiata pine (Pinus radiata). Most Hauturu samples were collected between 2014 and 2017, although we included specimens from a 1991 nest analysed by Trewick (1996). Overall, modern, historic, and ancient sites covered a suite of different habitats, with some ecosystem types being entirely or only represented by a single age class (Table 1).



2.2. Subsampling

Coprolites were subsampled one at a time, in a clean still-air Perspex box in an isolated laboratory purpose-built for palaeoecological samples, adapting the protocol of Wood and Wilmshurst (2016). The Perspex box was irradiated by UV light (UV-C, peak 253.7 nm wavelength) for >1 h prior to subsampling and was cleaned with 10% Decon and 10% bleach solutions between different coprolites and the surface-removal step (see below). Coprolites were first irradiated by UV light (same parameters as above) for >15 min on each side, and approximately 1 mm thickness of the coprolite exteriors were removed with a sterile scalpel. The exposed surfaces were irradiated a second time, and the coprolite was bisected using a fresh sterile scalpel. Subsamples for DNA extractions (c. 0.5–1 ml), palynomorphs (c. 5 ml), and for (selected samples only) Accelerator Mass Spectrometry (AMS) radiocarbon dating (c. 0.5–1 ml, Table 2), were taken from one of the coprolite halves using a fresh sterile scalpel. The unsampled coprolite half was retained for voucher purposes and stored at the Long-Term Ecology Lab (LTEL), Manaaki Whenua Landcare Research (MWLR), Lincoln, NZ. Frozen recent kākāpō scats were subsampled following the procedure above (omitting UV irradiation steps), in a separate, and physically distant, laboratory from the coprolite subsampling.



TABLE 2 List of 14C dates of kākāpō coprolites obtained by the Long-Term Ecology Lab (LTEL), including published and unpublished dates, as well as dates obtained specifically for this study.
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2.3. Radiocarbon dating

Coprolite subsamples were radiocarbon dated using Accelerator Mass Spectrometry (AMS) at the Waikato Radiocarbon Dating Laboratory, University of Waikato (WK), and the Keck Carbon Cycle Accelerator Mass Spectrometer, University of California Irvine (UCIAMS) (Table 2). In addition to the 13 dates reported in this study, we included eight earlier dates from putative or confirmed kākāpō coprolites that lacked remnant material for subsampling: three from Magnesite Quarry, and one from Honeycomb Hill cave (Wood et al., 2012b). Radiocarbon dates were calibrated to calendar years before present (1950 A.D.) using the SHCal20 calibration curve (Hogg et al., 2020) in OxCal (version 4.4) (Ramsey, 2009).



2.4. DNA extraction, amplification, and sequencing

DNA was extracted from coprolites in an isolated, purpose-built ancient DNA laboratory (Long-Term Ecology Lab, Manaaki Whenua Landcare Research, Lincoln, NZ), and from recent samples in a separate multipurpose laboratory. Coprolite subsamples were rehydrated in twice their volume of double-distilled, sterile laboratory grade H2O and left on a rotary mixer at low speed at room temperature for at least 12 h. Subsamples were extracted from recent and ancient samples using the Dneasy powersoil kit (QIAGEN) following manufacturer’s instructions, with each set of extractions containing at least one extraction blank control (EBC) (a reaction processed without subsample material). Coprolite depositors were identified using a range of primers specific to kākāpō, moa, birds (universal) and mammals (universal) (Table 3). Amplified products were purified using EXOSAP-IT (Thermo Fisher, Waltham, MA, United States) and sequenced at the Landcare Research Ecological Genetics Laboratory, Auckland. Sequences were confirmed as kākāpō by using the BLASTn algorithm (Camacho et al., 2009) against all available DNA sequences on GenBank.1



TABLE 3 List of all primers used in this study.
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All DNA extractions had fragments of the nuclear 18S rRNA gene (hereafter referred to as 18S), and the chloroplast trnL and rbcL genes, amplified using appropriate primers (Table 3). PCR reactions (12.5 μl) included 1.25 μl BSA (20 mg/Ml), 0.5 μl MgSO4 (50 Mm), 1.25 μl 10x buffer, 0.1 μl dNTPs (25 Mm each), 0.125 μl Platinum HiFi polymerase (Invitrogen), 0.25 μl each primer, 7.775 μl H2O and 1 μl DNA extract. Amplification was performed using a denaturation step of 2 min at 94°C, and 55 cycles of 30 s at 94°C, 30 s at 55°C and 40 s at 68°C, with an extension of 10 min at 72°C. These primers were selected as they targeted a range of amplicon lengths (c. 50–200 bp), controlled for sequencing bias, and amplified both plastid and nuclear DNA. All primers comprised a 5′ linker region for the addition of Illumina indexes and sequencing adapters. Coprolite amplifications were performed in triplicate, as ancient samples were considered to retain a lower portion of endogenous DNA than recent samples and pooled in equal proportions prior to indexing (modern samples were amplified singly). A second round of PCR attached dual indexes to amplicons, with reactions (20 μl) using iTaq DNA polymerase (Bio-Rad) following the manufacturer’s specified reaction mix. Indexing PCR was performed using 8 cycles of 30 s at 95°C, 30 s at 55°C and 40 s at 68°C, with an extension of 10 min at 72°C. Indexed amplicons were purified by SPRI-select magnetic beads (Beckman Coulter, CA, United States), and DNA concentrations were estimated by Qubit fluorometric quantification (Thermo Fisher, MA, United States), following manufacturer’s instructions. Indexed amplicons were pooled in equal concentrations into DNA sequencing libraries and sequenced across three MiSeq runs (two of 250 bp paired end read length for rbcL and trnL, and one run of 150 bp paired end read length for 18S), with all NGS sequencing and demultiplexing performed by Macrogen Inc. (South Korea).



2.5. Raw DNA processing and taxon identifications

Demultiplexed sequencing reads were merged, quality filtered, trimmed of primer sequences and dereplicated using a custom pipeline built around USEARCH v. 11 using default parameters (Edgar, 2010), resulting in single amplicon sequence variants (ASV’s). Read counts of each ASV per sample was retained as metadata. “Global” reference databases were developed for each gene, by downloading all available 18S sequences of eukaryotes, and all available rbcL and trnL sequences of cyanobacteria and chloroplast-bearing eukaryotes, from Genbank, and removing all sequences not identified to family level. We also built secondary “NZ-only” databases, which retained only those genera known to occur in NZ (including native and exotic taxa) based on the NZ Plants database.2

All ASVs were analysed using BLAST+ v. 2.7.1 (Camacho et al., 2009) with the BLASTn algorithm against their respective databases (parameters -max_target_seqs 1,000 -word_size 11 -reward 2 -penalty −3 -gapopen 5 -gapextend 2 -dust no -soft_masking false, rest as default). Raw BLASTn outputs were processed in MEGAN v. 6 (Huson et al., 2016), filtering sequences with <90% query cover and <80% pairwise match and assigning taxonomic identities using the top 1% (for rbcL/trnL) or 5% (18S) of hits, and bitscore cut-offs of 50, 150 and 200 for 18S, rbcL and trnL, respectively. Furthermore, we used the inbuilt “16S percent identity filter” function, constraining the highest taxonomic identifier by pairwise match to the reference (>99% Species, >97% genus, >95% family, >90% order, >85% Class, >80% Phylum). Maximum taxonomic rank was set to the genus level, as very few genera had all their respective species represented in our datasets.

To increase taxonomic resolution, we compared identifications from the “global” and “NZ-plants” databases, selecting the “NZ-plants” identification if the following criteria were followed: (A) the matches differed, (B) the “global” match occurred at a lower resolution than the “NZ-plants” match, (C) both matches were consistent to the highest taxonomic rank obtained by the “global” identifier, and (D) the “global” identifier was resolved at least to order level. If at least one of the above criteria were not met, the “global” match was selected and restricted to family level.

Inferred contaminant sequences were then filtered from all datasets. ASVs which occurred in an EBC (extraction blank control) or were identified at least to family level and shared the same I (IOTU details below) as an ASV in any EBC, were typically filtered from all samples. For example, a rbcL observation would be filtered, if the same taxon was observed in an 18S EBC. However, observations of an ASV or operational taxonomic unit (OTU) were not filtered from a sample if it occurred at ≥10 × the maximum proportion of reads observed in an EBC (e.g., if one OTU or ASV comprised up to 1% of reads in EBCs, only instances where it comprised <10% of reads in samples were filtered). Modern samples used all EBCs as a reference, whereas ancient samples only used ancient EBCs as a reference. To account for potential sequencing error or chimeric reads, all ASVs with fewer than five reads were filtered, as were all samples with <1,000 reads (before and after the filtering steps described above). Finally, all reads not identified as green plants (Viridiplantae), were filtered from subsequent analyses. We justify the final filtering step, as all non-plant sequences for trnL and rbcL likely represent contaminants or bacterial amplicons (as these primers are chloroplast and plant-specific), and non-plant 18S rRNA amplicons (e.g., fungal or parasite sequences) either fell out of the scope of this study or were considered lacking sufficient resolution to be informative.



2.6. Palynological analyses

We processed subsamples for microfossils following similar coprolite studies (Wood et al., 2012a,b), in which samples were boiled in 10% potassium hydroxide (KOH), sieved through a 150 μm mesh sieve, and acetolysed. A known number of exotic Lycopodium clavatum marker spores were added to each sample (University of Lund, batch no. 1031, 20,848 spores per tablet, on average). Samples were stained using fuchsin and mounted on glass slides. Palynomorphs and L. clavatum spores were counted in vertical transects following standard methods (Moore et al., 1991) at 400× magnification. Known weights of the microfossil subsamples, compared with L. clavatum counts, allowed for the mass of counted sample to be estimated. Counts continued until at least 250 palynomorphs were counted following Faegri et al. (1989). If pollen concentrations were insufficiently high, then either an estimated 2.5 mg of sample was counted, or all palynomorphs present on two slides were counted (if available). We used morphological features to identify palynomorphs, using guides by Large and Braggins (1991), Moar (1993), and Moar et al. (2011) and the New Zealand palynology reference slide collection at MWLR, Lincoln, New Zealand.



2.7. Operational taxonomic units and novel taxa

To assemble baseline data on known kākāpō diet, and hence whether any taxa identified in the coprolites were “novel” (hereafter used to refer to taxa previously unrecorded in kākāpō diets), we collated published records of kākāpō food plants on Fiordland, Stewart Island and modern populations (Dataset 2). To directly compare all our datasets and data from previous publications, all available data (including microfossil data, DNA data and observational data from previous studies) were ascribed an OTU comprised of four taxonomic ranks. The primary taxonomic rank comprised either the plant Division (for non-vascular plants), plant Class for (non-Angiosperm Tracheophytes), order for “basal angiosperms” (e.g., “Chloranthales Clade”), or Magnoliidae, eudicotyledons or monocotyledons (for crown-group angiosperms). Sequences not assignable to primary rank were omitted from most analyses Subsequent OTU ranks equated to order, family and genus (blank if unknown). OTUs were considered synonymous with higher resolved, but otherwise taxonomically identical OTUs, to identify unique or previously unrecorded taxa (for example, the unidentified Myrtaceae OTU was not considered novel, as the Myrtaceae genus Leptospermum was recorded in contemporary observations).



2.8. Statistical analyses

We compared representative datasets of each age group (ancient, historic, modern) consisting of presence/absences of all OTUs across all DNA datasets (omitting microfossils, which we only analysed from coprolite samples), using software packages implemented through R v 4.0.1 (R Core Team, 2013. We created a distance-matrix (Bray–Curtis dissimilarity), between datasets, which was ordinated with row totals as weights. We then used this matrix in classical multidimensional scaling (MDS)/principal coordinates analyses (PCoA) (Gower, 1966) to ordinate the data, using vegan v 2.5–6 (Oksanen et al., 2019), correcting for negative eigenvalues using Lingoes method (Legendre and Anderson, 1999). We used permutational multivariate ANOVA (PERMANOVA) (estimating pairwise differences using the pairwise Adonis package v 0.01), and multivariate homogeneity of variance tests, to test if the age groups differed in their location and scatter (significance assessed via permutation n = 999). Finally, “indicator” taxa for each age group (identifying taxa which were common and unique to an age group) were identified using the indicator species approach described by Cáceres and Legendre (2009) using indicSpecies v 1.7.8 (R Core Team, 2013).




3. Results


3.1. Radiocarbon dating

All coprolites (including the Wood et al., 2012b sample) were deposited within the last 2,000 years (calibrated dates presented here with 95% confidence ranges, unless otherwise stated) (Table 2). Date ranges reaching into the early 20th C. were obtained from Honeycomb Hill Cave, Mount Owen Cave, Takahē Valley and Magnesite Quarry, suggesting kākāpō may have persisted near these sites until recently. Non-overlapping age ranges were found in several sites, confirming separate deposition events by different animals including the small deposit of Euphrates Cave (as few as <10 coprolites) (four dates between 1,183 and 1,380 A.D, minimum two depositions). Wider age ranges were identified for the larger sites of Mount Owen Cave (four dates between 1,518 and 1994 A.D., minimum three depositions) and Magnesite Quarry (two dates between 896 and 1918 A.D., minimum two depositions). Most Honeycomb Hill coprolites were dated (nine out of 15, including the Wood et al., 2012b sample), and suggested coprolites sampled from this site represent at least seven depositions (if sample sub-site is also considered). The only Honeycomb Hill coprolite that failed to yield DNA in this study (sample X10/7/03), shared a similar age estimate and the same sub-site as the Wood et al. (2012b) coprolite, strongly suggesting these samples represent the same deposition. As the Wood et al. (2012b) sample yielded kākāpō DNA, we considered sample X10/7/03 to be a kākāpō coprolite and retained it for pollen (but not DNA) analyses.



3.2. Sequencing results

Kākāpō DNA was amplified from most coprolites (112 of 125, 89.6%) (Table 1; Dataset 3); however, a sample from each of Hodges Creek and Takahē Valley were identified as upland moa (Megalapteryx didinus) and so were omitted from this study. All remaining coprolites without a confirmed depositor (except sample X10/7/03), were also omitted from further DNA analysis, including all from Central Otago (Gibraltar Rock and Sawer’s Rockshelter). Several previous attempts to amplify DNA from Central Otago coprolites have failed (Boast, 2016), probably due to the region’s extreme seasonal temperatures affecting DNA preservation (Tait et al., 2001). All metabarcoding loci were successfully amplified and sequenced from most coprolites and modern samples, comprising 223 (18S), 194 (rbcL) and 183 (trnL) samples, although just 154 (18S), 185 (rbcL) and 148 (trnL) samples were retained after contaminant filtering. Post-filtering, the number of reads per sample reached 14,576, 36,556 and 38,956 (Dataset 1), for 18S, rbcL and trnL, respectively. The total number of ASVs that were identified as plants, and retained read counts post-filtering, comprised 91, 364 and 368ASVs, from 18S, rbcL and trnL, respectively (Dataset 3). Gene resolution was similar between rbcL and trnL, although 18S was typically unable to resolve taxa beyond the family level (Figures 3, 4; Supplementary Figures S2, S3).
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FIGURE 3
 Proportion of key plant taxonomic/ecological groupings, separated by gene (for DNA data), or palynological data (counted for ancient samples only). Sites are further subdivided by age group, and ecology (for ancient samples). White spaces refer to samples that could not be sequenced for the target gene. Refer to Table 1 for site codes.
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FIGURE 4
 Chart showing all native taxa found in this study. Novel taxa (taxa not recovered from observation-based studies of kakapo post c. 1950), are coloured green. Outer cells (representing presence/absence) are subdivided by age group and coloured by gene. Black circles denote the presence of palynomorphs (ancient samples only). Grey cells represent sequences/palynomorphs not identified to the designating rank. Main ranks not shown in full: MAG (Magnoliidae), C.C. (Chloranthales Clade).




3.3. Taxon composition of DNA data

Overall, we identified 52 Orders, 86 Families and 92 genera from our samples (not including exotic or filtered taxa). Novel taxa (i.e., taxa not identified in past kākāpō diet studies) discussed here are accompanied by an asterisk at first mention (*) (Figures 3–5; Supplementary Figure S3; Datasets 3, 4). Exotic taxa typically occurred as low read counts (excluding Pinus, an observed kākāpō food on Maud Island), and were excluded from subsequent analyses as likely contaminants.
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FIGURE 5
 Venn diagram comparing (row 1) counts of plants taxa observed (Obs.) in previous studies of kākāpō (since 1950), and data in our study from the two main age groups (ancient and recent); (row 2) comparing counts of plants taxa observed between the three different genes used in this study (no taxa were observed found only in 18S and rbcL); (row 3) comparing counts of plants taxa observed between DNA (ancient samples only) and palynomorphs (only counted for ancient samples).


Most of the DNA reads (irrespective of gene) in five upland coprolite sites (Euphrates Cave, Hodges Creek, Magnesite Quarry, Takahē Valley and “Mount Cook”), were from southern beech (Fuscospora* and Lophozonia). Although the specific beech species was not identified, Lophozonia certainly represented silver beech (as L. menziesii is the only member of its genus in NZ and often a dominant tree in high elevations). The species of Fuscospora can be estimated for each collection site, as NZ’s four Fuscospora species have elevational and habitat preferences, and still grow near each collection site (Table 1), and DNA reads likely represented either hard beech (F. truncata, low elevations), red beech (F. fusca low to mid elevations), or mountain beech (F. cliffortioides mid to high elevations), with black beech (F. solandri) being less likely (F. solandri is more prevalent in low-rainfall, lowland habitats not represented by this study) (Wardle, 1984). Beech was identified by DNA in most upland coprolites, and comprised on average, 40.8–99% of reads within each site (depending on the gene barcode used). Beech reads were relatively less frequent in Mt. Owen Cave compared to other upland sites (averaging 23.3–40.8% of reads, varying by gene). Most or all beech reads in Euphrates Cave, Magnesite Quarry and Takahē Valley were from Fuscospora* (Supplementary Figure S3). However, only Lophozonia was detected from Mount Owen Cave (Supplementary Figure S3). This result is anomalous because silver beech dominates contemporary forests near Takahē Valley and Euphrates Cave as well as the Mt. Owen Cave site (Appendix). This discrepancy may be explained by kākāpō at Euphrates Cave and Takahē Valley foraging on red beech at lower elevations and using the caves as roosting sites.

The mistletoe family Loranthaceae* (likely to be one of the beech mistletoe species, Alepis flavida, Peraxilla colensoi or P. tetrapetala) often co-occurred with beech in upland coprolites, even dominating reads in some samples from Hodges Creek (up to 80.1% of trnL and 94.3% of rbcL), Magnesite Quarry (up to 26.4% of trnL and 53.3% of rbcL) and Mount Owen Cave (up to 62.1% of trnL and 55% of rbcL). A high proportion of 18S reads were from ferns, especially in the lowland sites of Hole in the Cliff Cave (averaging 35.5% of reads) and Honeycomb Hill Cave (averaging 50.3% of reads). However, ferns comprised a low proportion of trnL or rbcL reads, probably due to sequencing biases or consumption of non-photosynthetic plant tissues such as fern rhizomes by the kākāpō. Although most 18S fern sequences could not be further resolved, the few trnL and rbcL fern reads from lowland coprolites were mostly Osmundaceae (specifically the ground-fern genus Leptopteris), unidentified Polypodiales, and the filmy-fern genus Hymenophyllum*. Bryophytes (mosses) were common in some samples, particularly from 18S reads of Euphrates Cave (averaging 31.6% of reads).

Rimu (Dacrydium cupressinum) DNA was not observed in coprolites (despite being locally common as a tree near Honeycomb Hill and Hole in the Cliff). Conifer taxa included NZ cedars (Libocedrus*, likely pahautea L. bidwillii) in one Hodges Creek (41.4% of rbcL and 70.3% of trnL reads) and three Magnesite Quarry coprolites (up to 7.7% of rbcL and 9.5% of trnL), miro (Pectinopitys ferruginea, 100% trnL) from a single Honeycomb Hill coprolite, and Phyllocladus* (likely mountain toatoa P. alpinus, 79.4% trnL) from a single Magnesite Quarry coprolite. Other taxa, observed in >40% of reads in any sample included Rubiaceae (identified as the fleshy-fruiting tree/shrub genus Coprosma by rbcL) in Hodges Creek; the wineberry genus Aristotelia* in Mount Owen Cave and Hodges Creek; Rosaceae (identified by rbcL as the herb genus Acaena) in Euphrates Cave and Hodges Creek; Onagraceae (possibly Fuchsia, which had high pollen counts in the same samples) in Honeycomb Hill and Hole in the Cliff Cave; the wood-rush genus Luzula* in Mount Owen Cave; and the fleshy-fruiting shrub/liana genus Muehlenbeckia* in Mt. Owen Cave, Hole in the Cliff Cave, Honeycomb Hill Cave and Magnesite Quarry. In addition, low counts of 18S reads were identified as the parasitic wood rose (Dactylanthus taylorii*) from a Honeycomb Hill coprolite (0.8% of reads) and the hemi-parasitic shrub Exocarpos* (presumably E. bidwillii, which is the only NZ member of this genus) from a Magnesite Quarry coprolite (0.3% of reads).

Recent (modern and historic) samples showed key taxonomic differences from ancient samples. For example, recent samples largely lacked beech DNA (Figures 3, 4; Supplementary Figure S3). Our data also corroborated observational data. For example, we identified many of the same kākāpō foods from Stewart Island as past observational studies, including mosses, ferns, lycopods, Myrtaceae, Ericaceae, Asteraceae and the sedge genus Carex (Cyperaceae) (Best, 1984; Powlesland et al., 1992; Wilson et al., 2006). Likewise, conifers (identified by trnL/rbcL as rimu in Whenua Hou and Anchor Island, and the pine genus Pinus in Maud Island) dominated reads from breeding birds, closely matching observation data. However, novel taxa were identified from recent samples, and taxa that had at least 10% of reads included Aizoaceae* (possibly the succulent herb Disphyma) in Stewart Island and Fiordland, the wood-rush genus Luzula* in Stewart Island, the dandelion genus Taraxacum* in Stewart Island, Muehlenbeckia* in Stewart Island and Hauturu, the herb genus Oxalis* in Fiordland, the herb genus Azorella* in Whenua Hou, and the dock genus Rumex* in Maud Island. Taxa with >10% read counts in Hauturu but not found in other sites reflected the sites’ northerly latitude, specifically palms, (Arecaceae, presumably nikau Rhopalostylis sapida), Freycinetia* (presumably kiekie F. banksii), Agathis (likely kauri A. australis), and Lauraceae (likely either taraire Beilschmiedia taraire, tawa B. tawa, or mangeao Litsea calicaris). In Whenua Hou, other taxa found with high read counts included orchids (Orchidaceae) from a single sample (99% of trnL reads), and the dwarf mistletoe genus Korthalsella from two samples (up to 55.1% of rbcL).



3.4. Microfossil data

Plant microfossils (palynomorphs) from coprolites had a wide range of estimated densities (376 grains/g to >5.6 × 107 grains/g) and were generally consistent with local contemporary vegetation, and DNA evidence from the same samples (Figure 3; Supplementary Figure S3; Dataset 4). In upland sites, palynomorph densities were usually low (median 21,201 grains/g), low-richness, and compositionally similar - being dominated by beech (Lophozonia and Fuscospora), with fern spores (especially Hymenophyllum and unidentified ground-fern “monolete” spores) also being common. Upland coprolite palynomorphs included typical alpine taxa, such as Lycopodium varium, Phyllocladus, Apiaceae, Asteraceae, Cyperaceae, Ericaceae and Poaceae. Pollen of tall forest podocarps typical of lowland forests (e.g., rimu) were common in upland coprolites, possibly reflecting windblown grains from forest at lower elevations being present on consumed plants. Lowland coprolites had richer and denser palynomorph counts (median 241,099 grains/g) than upland coprolites, presumably due to the more diverse plant communities found at lower elevations. Lowland coprolite palynomorphs were mostly fern spores, (especially the tree-fern genus Cyathea, the filmy-fern genus Hymenophyllum and the ground-fern genus Leptopteris), which is consistent with DNA data from these sites. Pollen of broadleaf shrubs and trees, such as Weinmannia (likely to be kāmahi, W. racemosa, a dominant tree in these habitats), Coprosma and Fuchsia, were also common in lowland coprolites. As expected, tall podocarp pollen was more common in lowland coprolites than in upland coprolites (tall podocarps are common near both lowland sites).

Many palynomorphs occurred at low densities and may have been ingested passively via food plant surfaces or from water sources. However, some palynomorphs probably reflect feeding behaviours. For example, the pollen of the endangered wood rose Dactylanthus taylorii occurred in five of the 14 Honeycomb Hill coprolites we sampled (up to 31.6% of palynomorphs and 18,376 grains/g, the highest pollen counts occurring in the same sample with D. taylorii DNA), including sample X10/7/03. As Wood et al. (2012b) discussed, D. taylorii pollen is unsuited for wind transport and its presence in coprolites almost certainly reflects direct foraging behaviour. Further, if the Wood et al. (2012b) sample and X10/7/03, are included, D. taylorii was observed in three of the seven minimum deposition events of analysed Honeycomb Hill samples, suggesting that kākāpō-D. taylorii interactions were locally common. Additionally, D. taylorii pollen always occurred in coprolites with probable or possible pre-human settlement ages (prior to. 1,280 A.D.; Wilmshurst et al., 2008), being absent in the one sample with a post-human age (His and Her Cave). Two other taxa, previously unrecorded from kākāpō diets were notable, as they occurred at high pollen densities and dominated DNA reads in the same specimens, specifically Phyllocladus from a single Magnesite Quarry coprolite (25,396 grains/g, 41.9 and 79.4% of palynomorphs and trnL, respectively), and Loranthaceae (c. Peraxilla; 34,873 grains/g, comprising 51.8, 80.9 and 94.3% of palynomorphs, rbcL and trnL, respectively).

Further, unusually high palynomorph densities were observed (>1 × 105 grains/g of a single type) suggesting mature flowers/pollen cones and/or associated foliage, fruits or cones were consumed, including one observation of Cyperaceae (identified as Carex by DNA) from Hodges Creek (>1 × 106 grains/g), one observation of miro from Honeycomb Hill (>2.8 × 106 grains/g), one observation of Fuchsia from Hole in the Cliff (>7.7 × 105 grains/g), five observations of Fuscospora (max. >8.7 × 106 grains/g) from upland coprolites and nine observations of Lophozonia with grains/g (max. >3 × 107 grains/g) from upland coprolites. Fern spores also occasionally reached high densities, including Leptopteris in one Honeycomb Hill coprolite (>2.5 × 107 grains/g) and three observations in Hole in the Cliff (ranging between >2–4 × 105 grains/g). These high fern spore counts may suggest either fern folivory or consumption of subsurface materials such as roots or rhizomes as (fern spores are known to congregate on soil surfaces). In all cases where >1 × 105 grains/g were observed, DNA of the respective palynomorph taxon was identified in the same specimens.



3.5. Novel observations and combined palynomorph-DNA observations

Plant DNA and palynomorphs comprised 191 OTUs (excluding exotic taxa), of which 20, 54, and 111 were identified to order, family, or genus level, respectively. These OTUs represent 54 orders, 96 families, and 111 genera, of which 24 orders, 56 families and 67 genera have not been recorded in modern kākāpō diets, respectively (Figures 3–5). Four orders, 17 families and 25 genera were recovered only from coprolites (7.4, 17.7 and 22.5% of the total found in this study, respectively) (Figure 5). Each gene appeared to be biased towards or against different taxa (Figure 5; Supplementary Figure S2); for example, trnL consistently outperformed rbcL regarding non-spermatophyte taxa (mosses, liverworts, lycopods, ferns). Likewise, combined gene or palynomorph data together contained more taxa than did any single group (Figure 5; Supplementary Figure S2). A high percentage of identified moss (81.8%, 93.3 and 94.4% of orders, families, and genera, respectively), liverwort (100% of orders, families, and genera) and lycopod (75% of genera) taxa were previously unrecorded, possibly as these taxa are difficult to identify to species in the field or from physical remains present in scats (Figure 4).



3.6. Statistical analyses

PERMANOVA and multivariate homogeneity of variance results show differences in location (F2,201 = 8.284, p = 0.001) and dispersion (F2,201 = 12.469, p = 0.001) across age classes. There were significant (p = 0.01) differences in location and dispersion between ancient and modern samples, and ancient and historic samples, but not between modern and historic samples. The most important indicator taxa (at p = 0.05; Supplementary Table S1) for ancient samples were identified as southern beech, Rubiaceae, Araliaceae, unidentified ferns, and Loranthaceae. Key indicator taxa for modern / historic samples included Aizoaceae, Amaranthaceae, unidentified Podocarpaceae, Lauraceae and Fabaceae. Overall, historic and modern samples overlapped in ordination space, although a much higher proportion of recent sample variation occurred within historic sample variation, than the reverse (Figure 6). Further, ancient samples showed a much wider spread than historic or modern samples. These data indicate that modern kākāpō populations are consuming a relatively lower diversity of plants than ancient kākāpō populations, presumably as result of their decreased habitat range and/or the decline of food plant species.
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FIGURE 6
 Classical MDA (PcOA) ordination of all observations for all genes (excluding palynomorph data, presence absence only) based on Bray-Curtis distance.





4. Discussion


4.1. Identifying novel taxa

Multilocus metabarcoding and palynomorph data of modern kākāpō scats and coprolites has increased the number of known kākāpō food plants from 35 to 59 orders (+68.6%), 52–108 Families (+107.7%) and 89 to 156 genera (+75.3%), a likely underestimate as many sequences or palynomorphs could not be identified beyond family level, or higher. While our data shows considerable overlap between modern and ancient kākāpō diets, a considerable portion of the ancient dietary range is not represented in modern or historic samples (Figure 6). Further, we recovered taxa from recent samples not recorded from previous studies of the same populations. These data highlight the value of DNA metabarcoding and palaeoecological data for expanding our understanding the past and present diet of threatened animal species. These data also illustrate the extent to which modern observational studies may underestimate the diets and ecological niches of threatened animal species, without the inclusion of palaeoecological evidence.

Some of the novel dietary taxa observed appear to have been key foods (e.g., southern beech, mistletoes), are themselves threatened (e.g., mistletoes, or the wood rose D. taylorii), or may have influenced kākāpō reproduction (southern beech, the native cedar genus Libocedrus, or the podocarp genus Phyllocladus). Other novel dietary taxa observed are widespread and common in contemporary NZ ecosystems, including trees/shrubs (Pittosporum, Quintinia), fleshy-fruiting taxa (Aristotelia, Freycinetia, Elaeocarpus, Muehlenbeckia, Melicytus), forbs (Azorella, Epilobium, Oxalis, Ranunculus, Rumex) or graminoids (Luzula). Some of these data are corroborated by other evidence. For example, Aristotelia was noted as a key component of montane Fiordland shrublands where kākāpō were frequently seen feeding in the late 19th C., referred to as “kākāpō gardens” by naturalist Richard Henry (1903). Further, 19th C. Recorded Māori mātauranga (knowledge) states that Elaeocarpus and Freycinetia were favoured kākāpō foods in the North Island (Williams, 1956; Westerskov, 1981). In addition, most of the moss, liverwort and lycopod taxa we identify are previously unrecorded, presumably because they are difficult to identify in the field, or post-digestion in scats. For example, unidentified mosses have been recorded as a kākāpō food in contemporary (e.g., Trewick, 1996; Butler, 2006; Wilson et al., 2006), and pre-19th C. (Haast, 1864) accounts. Overall, our data is strongly congruent with historic and contemporary observations, reinforcing our results, as well as corroborating the importance of historic (e.g., pre-19th C.) observational data in conservation biology.



4.2. Value of multiproxy data

Our multilocus and multiproxy dataset allowed us to identify a greater richness of taxa than if we had used only a single dataset (Figures 4, 5). For example, although trnL and rbcL provided high taxonomic resolutions for most taxa, their associated primers rarely amplified ferns (Figure 3). Conversely, 18S rRNA universally provided lower resolutions than trnL or rbcL, but the 18S primer set we used consistently amplified a wide taxonomic range. Microfossil data also provided additional resolution, especially for taxa that were predominantly amplified by 18S rRNA (Figure 4) (e.g., ferns), or generally were unresolved across the different markers (e.g., conifers). Further, different taxa were identified between rbcL and trnL, inferring that these gene regions and their associated primers had resolution or amplification biases that affected specific plant families or genera (Supplementary Figures S2, S3). Additionally, as we used nuclear (18S rRNA) and chloroplast (trnL, rbcL) markers, taxa without chloroplasts (e.g., wood rose, Dactylanthus taylorii), were detectable from metabarcoding data.

Our diverse dataset also allowed for inferences on feeding behaviour. For example, ferns dominated palynomorphs and 18S reads in many lowland coprolites. However, ferns were absent or uncommon in rbcL and trnL reads from lowland coprolites, respectively (Figure 3). Although this discrepancy may be explained by amplification biases, it is also possible that kākāpō were feeding on fern rhizomes which are a known kākāpō food and unlikely to contain much chloroplast DNA (Atkinson and Merton, 2006; Wilson et al., 2006). Nonetheless, the higher taxonomic resolution provided by trnL suggested that the unidentified ferns amplified by 18S in lowland coprolites were Leptopteris (Supplementary Figure S3). Congruently, high concentrations of Leptopteris spores were observed from the same specimens (Supplementary Figure S3). Although high fern spore concentrations might suggest reproductive fern fronds were being consumed, rhizome foraging would also result in high spore consumption, as fern spores accumulate on forest floors near to their parent plants and can remain viable for months or even years (Penrod and McCormick, 1996). Many samples had synchronous observations of the same taxon comprising a high proportion of palynomorphs and DNA reads (including chloroplast and nuclear markers), as well as reaching very high pollen densities. Since these observations included chloroplast data, this pattern strongly suggested foraging on reproductively active tissues, specifically, of mistletoes (possibly the genus Peraxilla) silver beech (Lophozonia menziesii), the beech genus Fuscospora, the sedge genus Carex, Onagraceae (strongly indicated to be Fuchsia by pollen data), the podocarp miro (Pectinopitys ferruginea) and the podocarp genus Phyllocladus (c. mountain toatoa P. alpinus).

Overall, our results strongly support the importance of using multilocus or multiproxy data in animal dietary studies, a result congruent with other multilocus metabarcoding studies on animal scats (Mallott et al., 2018), and combined microfossil-DNA studies in coprolites (Wood et al., 2012a, 2013a). For example, the P6 loop of the trnL intron, amplified using primer sets described in Taberlet et al. (2007) (used in our study), are commonplace in plant metabarcoding studies (e.g., de Barba et al., 2014; Srivathsan et al., 2015). However, had we restricted our data to trnL only, we would have failed to detect several key results and resulted in likely incorrect conclusions on kākāpō diet as a result. We therefore recommend that future metabarcoding studies, not just on animal diets, but also on plant communities in general, should ensure that multi-gene or multiproxy datasets in used in their analyses when feasible.



4.3. Importance of southern beech as a kākāpō food

NZ’s five species of southern beech (Nothofagaceae) are major canopy-forming trees; approximately 2/3 and 1/3 of NZ’s surviving forests, contain beech or are predominantly comprised of beech, respectively (Wardle, 1984; Ogden et al., 1996). Kākāpō co-occur with beech on Anchor Island (abundant red beech Fuscospora fusca) and Hauturu (some localised hard beech F. truncata) (Worthy, 1993; Crouchley et al., 2011), and most observations of kākāpō prior to c. 1970 A.D. were in or adjacent to montane beech forest (presumably mountain beech F. cliffortioides and silver beech Lophozonia menziesii) (Williams, 1956). However, the only record of kākāpō feeding on beech are records in the 1970s from Fiordland, which included limited feeding signs on silver beech leaves, and leaf cuticles in scats tentatively identified as beech (Butler, 2006). Beech was also uncommon in modern or lowland coprolite samples. Conversely, beech comprised a high proportion of DNA reads, and reached high palynomorph concentrations, in upland coprolites, suggesting that beech tissues (including leaves, buds, flowers and possibly seeds) comprised the majority of kākāpō diet in some upland forests. These observations concur with Horrocks et al. (2008), who identified that most phytoliths in Hodges Creek coprolites were identical to structures found in Fuscospora leaves. This inference is further supported by several other NZ birds regularly consuming beech foliage, including kererū (a native pigeon, Hemiphaga novaeseelandiae), and three other parrot species: kākā (Nestor meridionalis), kea (N. notabilis) and yellow-fronted parakeets (Cyanoramphus auriceps) (McEwan and McEwan, 1978; O’Donnell and Dilks, 1994; Greer et al., 2015).

The relative absence of beech DNA in lowland coprolites, recent samples, some upland sites, or in most observational studies warrants further explanation. The lowland forests that represent modern kākāpō refuges, and lowland coprolite sites, are biodiverse and structurally complex, with a tall (often >30 m) multi-species canopy comprising conifers and beech (e.g., Wardle, 1984). However, beech forests typically become increasingly low-diversity and structurally simple with increased elevation. For example, forest near to the treeline (c. 1,200 m) may comprise few plants other than dwarfed (e.g., <3 m) mountain or silver beech (Wardle, 1984; Ogden et al., 1996). Although kākāpō are capable climbers (Powlesland et al., 2006), they may have foraged on the nutritionally poor beech leaves only if they were easily accessible and/or if other food sources were absent. For example, kererū were observed to consume beech leaves predominantly during winter when fruits were unavailable (McEwan and McEwan, 1978). Similarly, at high elevations kākāpō would have been able to access subalpine plant communities (which include many fruiting or starch-rich species) during summer months. For example, DNA reads in Mt. Owen Cave samples are dominated by taxa found above the treeline (Aristotelia, Coprosma, Muehlenbeckia, Apiaceae, Ericaceae and graminoids), which is congruent with the sites’ high elevation and proximity to subalpine herbfields. Further, Fiordland kākāpō were mostly observed by researchers above the treeline outside of winter months when the samples we analyse were presumably collected (Atkinson and Merton, 2006; Butler, 2006). Overall, these observations would suggest that in upland forests, beech may have been avoided in favour of fruiting seasonal shrublands when or if these were available (e.g., near forest margins during summer months).



4.4. Lost ecological interactions between kākāpō and parasitic plants

Four of the five families of Santalales (mistletoes and relatives) native to NZ (Loranthaceae, Mystropetalaceae, Santalaceae and Viscaceae, excluding only Nanodeaceae) were identified in our data across all age groups, and comprised a high proportion of DNA reads or palynomorphs in many samples (Figures 3, 4; Supplementary Figure S3). Excluding dwarf mistletoes (Korthalsella, Viscaceae), all Santalales taxa that we observed are unrecorded from recent kākāpō diets (Wilson et al., 2006). Further, most NZ Santalales are no bigger than small shrubs (excluding the small tree Mida salicifolia, Nanodeaceae), suggesting a strong selective bias by kākāpō. These observations are notable because all NZ’s Santalales taxa are photosynthetic hemiparasites, except for Dactylanthus taylorii in the Mystropetalaceae, which is a non-photosynthetic holoparasite.

Studies have shown that hemiparasitic plant tissues have much higher concentrations of some minerals (e.g., phosphorus, potassium and sodium) in their tissues than their hosts, including members of the Loranthaceae (including NZ taxa) (Bannister et al., 2002; Lo Gullo et al., 2012; Gebauer et al., 2018), Santalaceae (including the genus Exocarpos, which we identify) (Patykowski et al., 2018), and Viscaceae (Panvini and Eickmeier, 1993; Türe et al., 2010). Further, in NZ, mistletoes are known to be highly palatable to introduced brushtail possums (Trichosurus vulpecula) and red deer (Cervus elaphus) compared with other plants such as beech (Sweetapple, 2008; Crouchley et al., 2011). Further, palaeoecological data has shown that moa also regularly fed on mistletoe tissues (Wood et al., 2020, 2021). It is therefore possible that kākāpō and other NZ species preferentially forage on Santalales taxa due to their nutritional content. This inference is concerning, as out of NZ’ 12 endemic Santalales taxa, one is already extinct, and eight are classified as declining or threatened; an apparent result of prior forest clearance, browsing by invasive mammals, and a paucity of native dispersers or pollinators (Ecroyd, 1996; Ladley and Kelly, 1996; de Lange et al., 2018). For example, NZ’s beech mistletoes (Peraxilla tetrapetala, P. colensoi or Alepis flavida) are supported by historic and palaeoecological evidence to have been considerably more abundant, and to have occurred closer to the ground, in the past (Wood et al., 2020). As kākāpō are thought to have been abundant and widespread in NZ’s presettlement forests (Boast, 2021), our data suggests that they may have been a key pollinator or dispersers of these Santalales taxa prior to their near extinction.

Kākāpō appear to have consumed hemiparasitic Santalales throughout their range. For example, our data, and previous studies, have shown that kākāpō still feed on stems of the leafless, dwarf mistletoe K. salicornioides in Whenua Hou (and historically also did so on Stewart Island) (Wilson et al., 2006). We also identify low read counts of the genus Exocarpos from a single Magnesite Quarry coprolite. Exocarpos is only represented in NZ by the subalpine shrub E. bidwillii, which could have substituted for mistletoe in some high elevation shrublands. However, most notably, Loranthaceae comprised a high frequency of DNA reads and/or pollen counts in several upland coprolites (e.g., 50% or higher). It is likely that the species of Loranthaceae identified in upland coprolites are beech mistletoes, which the birds would have encountered if feeding on beech foliage. NZ’s beech mistletoes produce fleshy fruits and nectar-rich flowers, both of which are essential energy sources for birds in some forests (Ladley and Kelly, 1996; Murphy and Kelly, 2003). While kākāpō were presumably feeding on mistletoe fruits and flowers (supported by high densities of beech mistletoe pollen in some coprolites), it is highly probable that kākāpō were also consuming nutrient-rich beech leaves and stems year-round. Overall, in low-diversity beech forests, mistletoes may have provided an essential source of nutrients for kākāpō and other endemic species. Beech mistletoes are thus not only threatened by herbivory, and a lack of pollinators or dispersers, but their reduced biomass relative to pre-human levels, also now means that beech forests might not be able to support the communities of kākāpō and other birds (e.g., other frugivorous, herbivorous or nectivorous species such as kererū, kaka, kōkako Callaeas spp. or bellbird Anthornis melanura) as they did in prehistory.

The holoparasitic, threatened wood rose D. taylorii, is today reduced to scattered relict populations in the North Island and appears to be pollinated only by endangered short-tailed bats (Ecroyd, 1996). However, we observed D. taylorii pollen in kākāpō coprolites from Honeycomb Hill, and only in coprolites with confirmed or likely pre-human ages (pre-1,280 A.D., Table 2). These data suggest D. taylorii was either patchily distributed and/or did not occur further south than Honeycomb Hill in the late Holocene and may also show that this species’ range quickly contracted after the arrival of humans and commensal pacific rats (Rattus exulans) in NZ (Ecroyd, 1996). D. taylori was identified in six of 14 (42.5%) Honeycomb Hill coprolites we analysed, where it comprised up to 31.7% of total palynomorphs. Furthermore, D. taylorii was observed in three of the seven (42.9%) minimum Honeycomb Hill deposition events we identify by 14C dating, occurring in samples that differ in age by centuries (Table 2). D. taylorii only appears above ground to flower, and do not disperse pollen widely (Moar et al., 2011), thus all D. taylorii observations in our data must represent direct flower foraging events (Ecroyd, 1996). Although Wood et al. (2012b) identified D. taylorii in a single kākāpō coprolite, these important new records suggest for the first time that kākāpō and D. taylorii flower interactions occurred at a high frequency where the two species co-occurred. There is thus a high potential that the formerly widespread kākāpō was an important pollinator of D. taylorii in prehistory, along with other nectivorous birds and bats. The apparent dependence of D. taylorii on short-tailed bat pollination today is a therefore likely to be a result of extinctions or range contractions of other pollinators, such as kākāpō.



4.5. Potential breeding triggers

Kākāpō appear to depend on an as yet-unknown hormonal “trigger” to reproduce, such as phytoestrogens in unripe fruit or cones, or compounds prevalent in coniferous tissues such as terpenes (Walsh et al., 2006; Fidler et al., 2008; Davis, 2013; Stone et al., 2017). Attempts to increase kākāpō breeding frequency with supplementary feeding have been unsuccessful (Harper et al., 2006), and only rimu masts are confirmed to consistently trigger kākāpō breeding (Powlesland et al., 2006). However, kākāpō have recently bred in the absence of rimu, with females observed feeding their chicks kauri leaves, immature kahikatea (Dacrycarpus dacrydioides) cones and fronds of the ground-fern genus Austroblechnum on Hauturu (Trewick, 1996), and exotic pine needles and immature cones on Maud Island (Walsh et al., 2006). Pink pine (Halocarpus biformis), which co-masts with rimu on Stewart Island, may have helped to stimulate kākāpō breeding (Powlesland et al., 1992), and kākāpō breeding on Hauturu may be linked with large kauri seed falls (Stone et al., 2017). Although all tree species linked to recent kākāpō breeding are conifers, it is possible angiosperms may also trigger kākāpō reproduction. For example, Māori mātauranga recorded in the 19th C. states that kākāpō in the North Island bred when kiekie (Freycinetia banksii) were fruiting (Westerskov, 1981) (supported by our observation of kiekie in Hauturu samples). Southern beech masts have also been proposed as a kākāpō breeding trigger (Harper et al., 2006).

Our data may provide some insights into kākāpō reproduction. For example, two upland sites we sampled (Hodges Creek, Magnesite Quarry) contain kākāpō chick bones and possible eggshell (Worthy, 1997, JRW, personal observation), confirming that the associated coprolites are from breeding populations despite the local absence of rimu in the nearby beech forest (see Appendix). We also show that throughout their habitat range, kākāpō fed on conifers, with miro identified in a lowland coprolite and Libocedrus (c. pāhautea L. bidwillii) and Phyllocladus (c. mountain toatoa P. alpinus) in upland coprolites. NZ’s Phyllocladus and Libocedrus species occur in areas without rimu and thus could have played the role of a coniferous breeding trigger for kākāpō in some habitats (although both genera rarely grow large and are non-masting).

In NZ, beech mast every four to six years (Wardle, 1984), with trees usually producing roughly c. >2,000 nuts m−2, but occasionally >10,000 nuts m−2 (Allen and Platt, 1990; Burrows and Allen, 1991). The total mass of seed during beech forest masts can therefore be considerable despite their small size (e.g., average 368 nuts g−1 for mountain beech F. cliffortioides) (Ledgard and Cath, 1983), and sufficient to support massive irruptions of invasive seed-feeding rodents (Ruscoe et al., 2004). Beech seed has nutritional qualities similar to rimu cones and seed (Murphy, 1992; Beggs, 1999; Ruscoe et al., 2004; von Hurst et al., 2015). Further, while kākā (one of the closest living relatives of kākāpō), breed in response to podocarp masts (including of rimu), they also breed in response to beech masts (Powlesland et al., 2009). Our data demonstrate that beech tissues were the main food source of kākāpō in upland beech forests. As a result, kākāpō would have consumed developing beech seed along with beech foliage, if they were not also deliberately foraging for beech seeds on the forest floor. Therefore, it seems highly plausible that this influx of nutrient-rich food in their diets would have triggered kākāpō breeding. Beech masts are not known to trigger kākāpō breeding in contemporary ecosystems (for example, Anchor Island). This discrepancy may suggest that beech fail to trigger kākāpō breeding if other masting species such as rimu are present, or if kākāpō are not consuming developing beech seed with their regular foods of beech foliage.




5. Conclusion

The kākāpō parrot is a challenging species for conservation, especially due to its vulnerability to mammalian predation, low fecundity and slow maturation rate. Further, masting podocarps (especially rimu) are still the only known reliable breeding stimulus for kākāpō. Despite these difficulties, kākāpō conservation efforts have successfully increased the kākāpō population from 51 birds in the early 1990s, to nearly 250 individuals today. Nonetheless, breeding kākāpō occur on just three small island reserves, meaning that their current carrying capacity is limited and the species remains highly vulnerable to catastrophic events (e.g., accidental mammal introductions, disease or natural disasters). Translocating kākāpō to new habitats is therefore paramount to the success of their conservation, which in turn requires a close understanding of their habitat requirements and dietary range.

Our dataset demonstrates that contrary to modern evidence, kākāpō are a highly versatile species and exploited a much greater number of plant species in prehistory than they do at present. We find no support that kākāpō were solely dependent on rimu masts for reproduction, and from our data we infer that numerous different plant species also triggered and supported kākāpō breeding. For example, our data and other palaeoecological evidence such as fossil distributions (e.g., Boast, 2021), strongly indicate that beech forests are ideal kākāpō habitats, with the beech trees themselves capable of sustaining most of the kākāpō diet and even possibly triggering kākāpō breeding during their non-annual mast events. Predator-free reserves with a high composition of beech or rimu may therefore be ideal focal localities for future kākāpō translocations, especially if these forests also contain a high proportion of nutrient rich species such as mistletoes. These inferences greatly expand the possible range of future kākāpō translocation localities, especially when refuges on the NZ mainland become a possibility. Overall, we strongly support the reintroduction of kākāpō into a broad range of (predator-proof) habitats to ensure population growth and their recovery as a species.

At least one-fifth of terrestrial vertebrate species globally are threatened with extinction and have suffered range contractions due to human activity (Hoffmann et al., 2010). There is an increasing necessity to comprehensively understand the ecological niches, species-interactions, and diets of animal species to guide conservation management. Our study confirms that where available, coprolites can provide new and highly detailed insights into threatened species’ ecology, that may otherwise be inaccessible. Coprolites therefore provide an invaluable tool for informing conservation management plans for threatened taxa with attributed coprolite records such as Eurasian lynx (Lynx pardinus) or European bison (Bison bonasus) (Sanz et al., 2016). However, due to the paucity of extant species with known coprolite deposits, we acknowledge that the application of coprolites in conservation palaeobiology will be limited. Despite these limitations, our coprolite-based study vividly demonstrates how much contemporary observational data may underestimate a threatened species’ ecological niche or dietary range, and how palaeoecological data or historic data of any source, should always be sought, when feasible.
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Shifting baselines can skew species harvest guidelines and lead to potentially inaccurate assessments of population status and range. The North American Fur Trade (~1600–1900 CE) profoundly impacted the continent’s socio-ecological systems, but its legacies are often not incorporated in management discussions. We apply a conservation paleobiology lens to address shifting baselines of nine species of fur-bearing mammals in Vermont, including seven mesocarnivores and two semi-aquatic rodents. Using a database maintained by the Vermont Division for Historic Preservation, we identified 25 existing radiocarbon dates of fur-bearer associated features from 16 archaeological localities spanning the Early-Late Holocene. We also generated 7 new radiocarbon dates on beaver and muskrat bones from the Ewing (VT-CH-005), Bohannon (VT-GI-026), and Chimney Point (VT-AD-329) localities. Our new radiocarbon dates cluster within the Late Holocene, immediately prior to and throughout the European contact period, and overlap with The Beaver Wars. We recover a ~8,000 year record of beaver harvest, affirming the millennial scale importance of beavers, a species that is often the focus of human-wildlife conflict research. Comparison of zooarchaeological occurrences with digitized natural history specimens and community science observations reveals geographic range continuity for most species except for the American marten, which was historically extirpated, and confirms the native status of the red fox. While taphonomic constraints make our dataset a conservative assessment, our case studies demonstrate how wildlife managers can employ zooarchaeological data to better understand long-term properties of coupled socio-ecological systems and highlight the cultural importance of these species to Indigenous trade networks prior to the Fur Trade in Vermont.
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 zooarchaeology, historical ecology, mammal, fur trade, conservation paleobiology, radiocarbon dating (14C)


1. Introduction

Conservation success is often evaluated by comparing the status of the present with ecological or population targets derived from a particular past condition (e.g., Akçakaya et al., 2018). A focus on isolated time points can lead to inaccurate perceptions of what is “normal” (e.g., a shifting baseline; Pauly, 1995; Silliman et al., 2018; Cammen et al., 2019), but this pitfall can be averted by evaluating data of varying temporal depth and from multiple sources to avoid cultural and disciplinary biases (Rodrigues et al., 2019). Historical photographs, natural history specimens, and written archives have been helpful for reconstructing changes unfolding over the past decades to centuries (McClenachan et al., 2015; Turvey et al., 2015; Collins et al., 2020). However, these historical records reflect landscapes and dynamics that may have already been significantly altered by humans across millennial timescales within the context of broader climatic and environmental changes (Ellis et al., 2021). Conservation biologists and wildlife managers are, therefore, increasingly exploring datasets gleaned from both archaeological and paleontological contexts to understand the longer term ecological and evolutionary trajectories of species of concern (Dietl and Flessa, 2011; Barnosky et al., 2017).

In North America, the harvest of fur-bearing mammals (mammal species typically trapped for fur) is managed today as part of livelihood, recreational, and commercial activities, with targets often derived from data generated by annual trapper effort reports (White et al., 2021). Fur-bearers underwent a massive recent bottleneck as millions of animals were killed for pelts and shipped to European markets during The North American Fur Trade (~1600–1900 CE), resulting in ecological upheaval and cultural dislocation for Indigenous communities (Nassaney, 2015). Historical trading records from the Hudson’s Bay Company, a key fur trading business established in Canada, have revealed baselines shifts in fur-bearer populations, wherein a baseline of 1970 CE shows an increase in select Canadian fur-bearing mammal populations by 4%, whereas examining a baseline of 1850 CE instead yields an overall population decline of 15% (Collins et al., 2020). Most prior research on the impacts of the Fur Trade has centered on such European trade ledgers (see also McManus, 1972; Carlos and Lewis, 1993). However, detailed historical ledgers are not available for all locations of management interest, and commercially harvested animals were prepared as tanned pelts and other derivatives, and thus did not enter natural history collections. Historical archaeology studies have often examined fur trade outposts or Trading Company processing stations with a focus on social and economic interaction spheres (Turgeon, 1998; Veltre and McCartney, 2002), rather than whole ecosystem perspective. The North American Fur Trade itself was built on millennia of harvest and complex trade networks sustained by Indigenous people, who had important relationships with fur-bearing species and shaped their ecology prior to and throughout European contact (Thomas, 1994). Thus, contemporaneous zooarchaeological assemblages can be important windows into ecological change.

We apply a conservation paleobiology lens to identify dimensions of fur-bearer management that could benefit from engagement with archaeological datasets within the larger environmental context of the state of Vermont, United States. Recent surveys of the field of conservation paleobiology highlight the divide between academic research in paleontology and application in conservation and management (Dillon et al., 2022), with only a small percent of peer reviewed conservation paleobiology publications yielding real world impacts (Groff et al., 2022). More broadly, differences in dataset type, format, and compatibility are known barriers in crossing the research-implementation gap in conservation biology (Buxton et al., 2021). We combine radiocarbon dating, technical reports, and a state database resulting from decades of academic and regulatory archaeological activities (Robinson and Ostrum, 2016; Robinson et al., 2020) to determine a conservative estimate of the spatiotemporal span of fur-bearing species. The zooarchaeological record in Vermont is fragmentary, largely because of the regions’ acidic soils, freeze thaw cycles on shallow deposits and a bias of excavation activity toward lowlands (Lacy, 1994; Robinson, 2011). Though taphonomic biases can complicate direct mapping of past and present datasets (Barnosky et al., 2017), inclusion of archaeological datasets in conservation decision-making reflects an understanding of the true timescale of human-faunal-environmental interactions that has structured present day ecosystems (Reeder-Myers et al., 2022).

We use this database of radiocarbon dates, in conjunction with historical and present-day occurrence data, to provide a new synthesis of the Holocene history of fur-bearers and emphasize the role of these species within the dynamic human history of Vermont. Then, we address three outstanding questions surrounding fur-bearer populations in Vermont: (1) did beavers continuously exist throughout the colonial period? (2) what was the past geographic range of the American marten prior to its state-specific extirpation? and, (3) can the zooarchaeological record resolve uncertain classifications of canid species?



2. Methods


2.1. Focal taxa

We focus species currently designated by Vermont Department of Fish & Wildlife (VTFW) as fur-bearers that were also historically harvested as part of the fur trade. These taxa include mesocarnivores (Order Carnivora) across three families, including Mephitidae (striped skunk, Mephitis mephitis), Canidae (red fox, Vulpes vulpes), and Mustelidae (American mink, Neogale vison; river otter, Lontra canadensis; American marten, Martes americana; fisher, Pekania pennanti), and two semi-aquatic rodents, American beaver (Castor canadensis) and muskrat (Ondatra zibethicus). All species are listed under state ranking code S5 (common), except for marten, which is S1 (state endangered) and has no open trapping season. Beaver and muskrat are the most abundantly harvested fur-bearing mammal species in Vermont, together comprising more than half of all individuals trapped from 2020 to 2021 (VTFW, 2021).



2.2. Vermont

Vermont currently recognizes four Western Abenaki tribes; the federally recognized Stockbridge-Munsee Mohican also claim ancestral ties to several counties in southwestern Vermont. The area has a > 12,500 year record of people (families, sensu Newsom, 2022) using the landscape following the retreat of the Laurentide glacier (Robinson et al., 2017). Vermont’s archaeological and paleoecological records have been relatively underleveraged in regional and continent-wide research (e.g., Munoz et al., 2010; Chaput et al., 2015; Kelly et al., 2022). Trade in furs was a major driver in the relationship between Indigenous people and Europeans; the French made alliances and developed trade partners with people living near the St. Lawrence River and Lake Champlain as English rivals settled the Hudson and Connecticut Rivers and allied themselves more closely with Iroquoian populations (Thomas, 1979; Calloway, 1994; Figure 1). The homeland of the Western Abenaki and what is now Vermont was strategically valuable during French and Iroquois conflicts over trading rights, known generally as The Beaver Wars (1641–1701 CE; Williamson, 1949; Nassaney, 2015).
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FIGURE 1
 (A) Map of archaeological sites with confirmed fur-bearer skeletal remains used in this study, with points overlaid on an Open Street Map base map where waterways are blue, forests, farms, and agriculture are green, and black lines indicate county boundaries. (B) Drone-based imagery of a hiking trail flooded by beaver activity in Bristol, Vermont, with humans for scale in the top left (photo by Andrew Ng, with permission of The Watershed Center). (C) Camera trap footage of a beaver downing trees in areas with high human densities, such as the Middlebury College campus (photo by Andrew Ng). (D) Muskrat bones, such as the one pictured, are frequently found in archaeological sites; muskrats can also impact local wetland structure and function.


Following European contact and throughout the colonial period and post statehood (1791 CE), Vermont’s environment experienced drastic transformations due to logging and European agricultural practices that created “a world of fields and fences” (Cronon, 1983). Harvest pressure on wild mammals increased for commercial purposes and to protect livestock, resulting in the extirpation of wolves and mountain lions (Klyza and Trombulak, 1999). Compared to an early 19th century colonial baseline, Vermont is in a reforested state due to declines in agriculture and shifting demographics (Foster et al., 2002). However, present and future land use change is predicted to result in further deforestation with development and climate shifts (Pearman-Gillman, 2020).



2.3. Database of Vermont radiocarbon dates and directly associated diagnostic artifacts

Directly dated zooarchaeological assemblages or those with associated age assignments were identified using the Vermont Division for Historic Preservation (VDHP)’s Database of Vermont Radiocarbon Dates and Directly Associated Diagnostic Artifacts (Boulanger, 2007; Robinson and Ostrum, 2016; Robinson et al., 2020; Kelly et al., 2022). This database currently contains >400 radiocarbon dates generated through decades of regulatory work by archaeological consultants, federal and state agencies, and academic institutions. These radiocarbon dates were cross-referenced with VDHP’s Paleobotany & Faunal Database to identify temporal contexts for fur-bearer remains and relevant site features. While both databases are freely available through the VDHP, they have not yet been used in a conservation context. We curated a subset of the database that includes sites with faunal material identified by a zooarchaeologist and those with radiocarbon dates that can be associated with fur-bearer remains. Poor preservation of organic remains from archaeological sites in Vermont results in a large number of unidentifiable small-medium sized mammals that may include fur-bearers. Therefore, we present a conservative view of fur-bearer occurrences in Vermont and do not include sites excavated historically that lack proper identification and/or reliable radiocarbon-based temporal assignments.



2.4. Radiocarbon dating

We selected 10 bones representing semi-aquatic rodents (beaver or muskrat) from zooarchaeological materials held at VDHP and the University of Vermont Consulting Archaeology Program (UVM CAP) for radiocarbon analysis. These materials originated from sites that represent the later precontact and contact periods including Bohannon (VT-GI-026), Jonesville Bridge (VT-CH-619), Chimney Point (VT-AD-329), and Ewing (VT-CH-005) (Supplementary Table 1). Specimens were identified by Carder following standard zooarchaeological methods (Reitz and Wing, 2008) and the comparative collection held at the UVM CAP (see also Carder and Crock, 2021).

We submitted ~200 mg of whole bone to the Keck Carbon Cycle AMS Facility at UC Irvine for processing and radiocarbon analysis. Bone was decalcified in 1 N HCL, gelatinized in pH 2 at 60°C and ultrafiltered to select a high molecular weight fraction (>30 kDa). Stable isotopes reported as
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where X is either 15N or 13C (‰), using standards of AIR and PeeDee Belemnite.

Stable isotope values (δ15N and δ13C) were used to assess bone preservation quality (C:N ratio). We calibrated radiocarbon dates using Oxcal v 4.4 (Bronk Ramsey, 2009) with IntCal20 (Reimer et al., 2020). One specimen (UCIAMS-259961) returned a post-bomb age and the fraction Modern was converted to calendar age using CALIBomb, Zone NH1.1



2.5. Historical and present day occurrences of focal fur-bearers

To develop a modern comparative dataset of known species locations, we queried the Global Biodiversity Informatics Facility (GBIF) for historical (i.e., catalogued museum specimens) and present day (i.e., research grade iNaturalist photographs) georeferenced occurrence records for our focal taxa within the administrative bounds of Vermont. Due to its recent extirpation, there are zero American marten records on GBIF and we relied on academic and state records of the reintroduction, with occurrence points taken from Aylward et al. (2019).




3. Results


3.1. Temporal span of fur-bearer associated radiocarbon dates

We identified 16 archaeological sites that have fur-bearing mammal remains either associated with radiocarbon-dated features or that have now been directly radiocarbon dated (Figure 1; Supplementary Table 2). Some of these sites represent occupations spanning thousands of years within the Holocene. The oldest features date as far back as the Early-Middle Archaic (~7,700 cal ybp such as Sandy Knoll/Guildhall, Mandel et al., 2022) and the Late Archaic (such as Ewing, associated lithics ~8,000 cal ybp; Petersen et al., 1985). However, most features containing fur-bearer remains date from the Early Woodland (~3,000 cal ybp) through European contact and into the present. The rarity of older remains (Figure 2) is most likely due to taphonomic biases; for example, aggregated paleobotanical data from Robinson et al. (2020) suggest that ~5,000 cal ybp, preservational quality declines dramatically, and far fewer sites overall are preserved from Early Holocene Vermont (Boulanger, 2007). This mirrors broader patterns for New England and North America in larger radiocarbon databases (Munoz et al., 2010; Chaput et al., 2015; Kelly et al., 2022). Within our curated list of sites, we found a total of 25 radiocarbon dates associated with at least one fur-bearer species. Moreover, we generated 7 new radiocarbon dates measured directly on bone (Supplementary Table 1), yielding a total of 32 radiocarbon dates representing fur-bearing mammals of Vermont.
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FIGURE 2
 Radiocarbon chronology of fur-bearing mammals from Vermont archaeological sites, depicting both direct dates (for muskrats and beavers only) and radiocarbon dates from levels/loci/features that are associated with all of the fur-bearing mammal species featured. White circles show the mean calibrated date in years before present and dashed lines indicate standard deviation in calibrated years before present. Species from top to bottom include red fox (Canidae: Vulpes vulpes), striped skunk (Mephitidae: Mephitis mephitis), raccoon (Procyonidae: Procyon lotor), river otter (Mustelidae: Lontra canadensis), fisher (Mustelidae: Pekania pennanti), American mink (Mustelidae: Neovison vison), American marten (Mustelidae: Martes americana), muskrat (Cricetidae: Ondatra zibethicus), and beaver (Castoridae: Castor canadensis). See Supplementary Table 2 for the uncalibrated radiocarbon dates used to build this figure. Images courtesy of Phylopic.




3.2. New beaver and muskrat radiocarbon dates

Of the 10 samples that we submitted for radiocarbon analysis, three beaver specimens yielded zero collagen, including one specimen each from VT-CH-005 (Ewing), VT-AD-329 (Chimney Point), and VT-CH-619 (Jonesville Bridge). Our new radiocarbon dates (denoted by the UCIAMS lab identifier) cluster within the Late Holocene, with 95.4% ranges extending into the 20th century in three cases (excluding the Modern muskrat). All medians, excluding the Modern muskrat, fall within 1400–1800 CE (Figure 3), which overlapped with the period of intensive harvest for beaver pelts, including The Beaver Wars. Newly generated direct dates are consistent with existing charcoal-based radiocarbon chronologies for Ewing and Bohannon and they represent some of the most recent dates for Ewing (Supplementary Figure 1).
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FIGURE 3
 New radiocarbon dates spanning the North American fur trade, generated on key target species, beavers (purple) and muskrats (blue). White circles indicate mean ages, black pluses (+) indicate medians along a black line indicating sigma, and black brackets indicate the 95.4% range. The dark gray box indicates the onset and end of the period of intensive harvest and extirpation of these semi-aquatic mammals during the Fur Trade and the subsequent reintroduction of beavers (Kirk, 1923). These dates are calibrated using OxCal v. 4.4 (Bronk Ramsey, 2009) and IntCal20 (Reimer et al., 2020). Note that one muskrat from Ewing is not included as it is Modern. Images courtesy of Phylopic.


Radiocarbon dates from freshwater contexts could appear older than they actually are due to a freshwater reservoir effect caused by hardwater that contains calcium carbonates (Philippsen, 2013). The location of Ewing site (Shelburne Pond) contains dolomite that could cause a reservoir effect as 14C depleted carbon dissolves from bedrock into the water and is taken up into non-emergent aquatic vegetation (Lini et al., 2007). While Hart et al. (2019) found a freshwater offset of 132 ± 8 14Cyr for dogs consuming freshwater resources on the St. Lawrence River, Plint et al. (2019) did not include such an offset for paleontological beaver remains, and beavers are known to rely on terrestrial vegetation (Supplementary material); therefore, we did not apply a freshwater reservoir correction. Our muskrat and beaver radiocarbon dates are in line with expectations from contextual charcoal-based dates from the site that would be unaffected by this reservoir effect (Supplementary Figure 1). The rodent dates are among the youngest available for both Ewing and Bohannon, and a freshwater reservoir effect of ~100–200 years would place our dated specimens even more solidly within the Fur Trade time period.



3.3. Extent of historical and modern occurrence data

Over the past decade, iNaturalist occurrences of fur-bearing mammals generally fell within 200–300 observations per species (muskrat, striped skunk, river otter, fisher, American mink) with outliers of 0 observations for the American marten and >1,000 for beavers and raccoons (mean observations 474, median observations 260, range of 0–1,135; Supplementary Table 3). Digitized museum specimens for Vermont fur-bearers are comparatively rare when queried on GBIF – muskrats have the largest number available (19). The available digital records of catalogued museum specimens from GBIF cluster temporally at 1903 or 1970–1990, and these collections are held mostly by the Harvard Museum of Comparative Zoology (Supplementary Table 3). Maps comparing these occurrence points with zooarchaeological remains in general reveal continuity in the location of species in the state. The American marten is a clear exception as archaeological localities indicate their presence far outside their present-day range (Figure 4).
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FIGURE 4
 Panel of maps displaying the occurrences of focal fur-bearing mammals through time across Vermont. Black circles represent archaeological sites at which a given species is present; gray squares represent a species occurrence captured by a historical natural history collection. Present day observations (dark gray x’s) are drawn from research-grade iNaturalist observations for all species but the American marten, which reflects the present-day distribution based on Aylward et al. (2018). Maps were produced using QGIS, with state county polygons derived from the VT Open GeoData Portal.





4. Discussion

We recovered a temporal span of nearly 8,000 years of fur-bearer interactions with humans in Vermont based on dated features, including a near continuous record for beavers starting ~1,500 calibrated years before present during a time of potential extirpation (Figure 2; Supplementary Figure 2). Given the paucity of museum specimens available for our focal taxa (Figure 4; Supplementary Table 3), these zooarchaeological remains represent an untapped specimen archive that, in some cases, is contemporaneous with the early natural history collecting period and can be used to address shifting baselines as well as other questions of interest to wildlife management. Below we discuss potential biases in our dataset and conservatively integrate our results into a past socioecological context. We then consider what they mean for present day fur-bearer management and future population trends and landscape configurations.


4.1. Taphonomic and sample size considerations

Vertebrate remains are rarely preserved in Vermont due to acidic soils and other unfavorable conditions, such as freeze thaw cycles (Lacy, 1994; Robinson, 2011). These remains may not be resolved taxonomically, leaving many collections with size-based “unidentified mammal” categories. It can be difficult (if not impossible) to ascertain harvest numbers from such assemblages as increased numbers of specimens at a site may be an artifact of deposit age. Thus, the absence of a particular species from an archaeological site does not necessarily indicate its absence from that region or lack of cultural engagement (see Richmond et al., 2021 for the importance of considering such a caveat). Interpreting these records should include interdisciplinary collaboration as part of a continuing dialogue between academic researchers, consulting archaeologists, and practitioners, which can lead to revisiting historical collections or targeting new collections.

As it stands, our dataset should be interpreted with caution and at a presence/absence level within a regional context, rather than as an actual baseline of species abundance or harvest pressure. However, data at such temporal resolution and of similar sample sizes are readily used to inform conservation decision-making (see Turvey et al., 2017; West et al., 2017), for example, by making more robust species distribution models (e.g., Gibson et al., 2019) and by providing specimens that yield DNA for demographic modeling (Ramakrishnan and Hadly, 2009). Our work joins a growing body of literature demonstrating that even areas with fragmentary zooarchaeological records can benefit from engagement of archaeologists and conservation biologists, as such data consolidation and integration events can be used to establish new research questions and excavation priorities.



4.2. Millennial-scale legacies of human-fur-bearer interactions in Vermont

Here, we provide an integrated summary of fur-bearing mammal use in Vermont spanning millennia. Indigenous people in the Archaic of Vermont (~9,000–3,000 cal ybp) altered their subsistence practices to cope with the loss of marine resources and other environmental changes) following the retreat of the Champlain Sea (a post-glacial inlet that is now the freshwater Lake Champlain; Spiess and Wilson, 1987; Robinson et al., 1992; Crock and Robinson, 2012; Feranec et al., 2021). A number of sites in Vermont contain features with fur-bearers for this Archaic period: Sandy Knoll/Guildhall (VT-ES-0064) with an Early to Middle Archaic date; Weybridge Crossing (VT-AD-1744), Ewing (VT-CH-005), Headquarters (VT-FR-0318) Boucher (VT-FR-0026), and Canaan Bridge (VT-ES-002) dated to the Late Archaic-Early Woodland (Supplementary Table 2). However, the majority of fur-bearer remains instead represent the Woodland period [~3,000 cal ybp to contact (1600 CE)], which is defined by the use of ceramics, more sedentary settlement patterns, complex interaction spheres, and increased population sizes (Petersen and Power, 1985; Heckenberger et al., 1990; Haviland and Power, 1994). Our radiocarbon dates during the Woodland period are consistent with previously suggested subsistence practices (Petersen et al., 1985; Robinson, 2011; Supplementary Table 1). At Ewing, beavers and muskrats combined contributed the greatest estimated biomass and number of identified specimens among mammals following deer, and most postcranial elements exhibited cut marks, indicating entire animals were taken for processing (Carder and Crock, 2021). Thus, rodent radiocarbon dates from Ewing emphasize a trans-European contact period occupation and cultural resilience of harvest practices; as Petersen et al. (1985) note: there is “evidence for the late survival of native technologies in the late 17th century, possibly well into 18th centuries.”

While many Indigenous communities were significantly impacted by the Fur Trade and colonial activities more broadly, the presence of fur-bearers in traditional processing contexts following contact with Europeans suggest some continuity of harvest practices despite massive cultural disruptions experienced at the time. Our newly generated radiocarbon dates span this time of cultural disruption coincident with the Fur Trade (Figure 3), as dates UCIAMS 259956, 259959, and 259960 overlap with local smallpox epidemics in 1729–1733 and 1755–1758 CE (Supplementary Table 1). This period includes the introduction of diseases and firearms as well as shifts in the harvest of fur-bearers from subsistence items into commodities, though it is important to note that fur-bearing mammals may have been harvested in quantities beyond subsistence needs in some pre-contact contexts as well (Nassaney, 2015). Increased attention to archaeological sites within the past few hundred years can help us understand the interconnected socioecological system of North American fur-bearers.



4.3. New insights from the zooarchaeological record for Vermont fur-bearing mammals

Ecologists and land managers in Vermont and New England more broadly are recognizing that the region is experiencing reforestation following massive deforestation from the colonial period (Foster et al., 1998, 2002). Addressing shifted baselines has been critical in modeling the region’s responses to climate and land use change, such as through the New England Landscape Futures project (Thompson et al., 2020),2 and will be vital when considering the future geographic distribution of mammal species and their interactions with each other in the context of increased construction and habitat loss (Pearman-Gillman, 2020). Using our curated dataset, we discuss how zooarchaeological data can be relevant to broad themes of interest to wildlife management such as past extirpations and species introductions as well as future translocations.


4.3.1. Historical continuity of beaver and muskrat populations

Beaver foraging and damming behavior influences plant communities and hydrological processes (Larsen et al., 2021), with cascading effects on ecological successional stages that affect overall biodiversity (Gibson and Olden, 2014; Figure 1). Though muskrats are far smaller and do not construct dams, their consumption of aquatic vegetation and lodge building behavior results in similar ecological impacts (Kua et al., 2020). Our new radiocarbon dates, in addition to those we have compiled from the VDHP database, affirm the millennial-scale significance of beavers and muskrats within coupled socioecological systems in Vermont. Both beavers and muskrats are found widely across the state’s archaeological sites (Figure 4) and represent a significant contribution to deposits where they are present, such as at the Ewing site and Jonesville Bridge (Thomas et al., 1995; Carder and Crock, 2021). Both species are foci of human-wildlife conflict across the northeastern United States, especially given stakeholder perceptions that populations are increasing and spreading into novel habitats (Siemer et al., 2013). However, examination of historical Fur Trade records suggest that recent perceptions of overpopulation are a result of shifting baselines, as use of an 1850, rather than, 1970, baseline results in a reversal of trends from apparent increase to actual decline (Collins et al., 2020). Some harvest estimates within the last few decades similarly suggest muskrats are declining across their range in Canada (Sadowski and Bowman, 2021) and the northeastern United States (Roberts and Crimmins, 2010), potentially linked to disease.

A shifted baseline could similarly be present in Vermont, where in the 1920s, it was suggested that the population was eliminated for at least half a century or more (Kirk, 1923). Historic documents report that six beavers were translocated from the Adirondack Mountains of New York and released into Bennington County in southern Vermont in 1921 (Kirk, 1923). Yet, it is unclear whether the entire extant beaver population is derived from the Adirondacks, or if pockets of native Vermont beavers persisted throughout the state in low densities. Indeed, the radiocarbon date UCIAMS-259956 exhibits a 95.4% range that extends through this period of potential extirpation (Figure 3). Because these focal taxa are ecological engineers, this shifted baseline has consequences not only for management targets of population size but also alters what is considered “normal” for a landscape in structure and function, setting the stage for stakeholder dialogues (i.e., device installation such as the Beaver Deceiver™; Goldfarb, 2018).



4.3.2. Extralimital past occurrences of the American marten

American martens are present in two sites that span the Woodland period (~3,000 years ago through contact): Boucher (VT-FR-026) and Ewing (VT-CH-005) (Supplementary Table 2). These sites fall outside the current geographic range for the species (Figure 4), which has been created by a conservation reintroduction following a hypothesized historic extirpation event. Martens received state level protection in 1972. A reintroduction effort took place in southern Vermont from 1989 to 1991, seeded by 11 martens from New York and 104 martens from Maine; this reintroduction was considered unsuccessful (Distefano et al., 1990; Royar, 1992). However, camera trap surveys in 2015–2017 located a breeding population within the Green Mountain National Forest (O’Brien et al., 2018), and it is possible a natural recolonization has occurred. Genetic diversity studies suggest the possible persistence of undetected populations throughout the 20th century (Aylward et al., 2018, 2019).

The presence of martens in the Late Holocene zooarchaeological record could therefore indicate places where martens may have cryptically persisted, or could provide discussion points for future reintroduction decisions, though it is important to consider alternate explanations for the presence of this species at archaeological sites, such as ceremonial purposes (Heckenberger et al., 1990). Recent historical records [as reviewed by Krohn (2012)] suggest that, unlike today, martens were not necessarily limited to highlands and mountains. Holocene faunal records at the presence/absence level have been successfully used to inform habitat suitability and potential distributions for conservation decision-making (e.g., Lentini et al., 2018; Gibson et al., 2019; Barlow et al., 2021). As historical records indicate a severe range contraction in the 1930s that isolated martens in northern Maine and the Adirondacks (Hagmeier, 1956; Godin, 1977), regional syntheses could facilitate larger-scale conservation dialogues for the species.



4.3.3. The red fox was present in late Holocene Vermont

Zooarchaeological records can assist in the detection of non-native species, and, conversely, affirm the native status of species categorized as having been introduced (Mychajliw and Harrison, 2014; Hofman et al., 2015; West et al., 2017). Three canid species of varying “native” status currently inhabit Vermont: coyote (Canis latrans), red fox (Vulpes vulpes), and gray fox (Urocyon cineoargentatus), and the changing dynamics between them have consequences for human-wildlife conflict and zoonotic disease (e.g., Needle et al., 2020). However, only the red fox is present in our zooarchaeological dataset and is known from three Late Holocene sites (Bohannon, Boucher, Ewing; Figure 4).

The absence of coyotes agrees with previous documentation that identifies the coyote as a new arrival which expanded its range across North America following the extirpation of wolves (Hody and Kays, 2018); the first coyote was documented in Vermont in 1948. Red foxes, on the other hand, are currently denoted as non-native by the Vermont Department of Fish & Wildlife (VTFW, n.d.). This diagnosis may stem from historical references such as sporting magazines that recorded the importation of European red foxes for hunting in some parts of eastern North America (Statham et al., 2012; Frey, 2013). While some European haplotypes have been recovered, most matrilineal ancestry of eastern red foxes is North American, including in Vermont, agreeing with our findings of red fox presence in the Late Holocene (Kasprowicz et al., 2016; Kuo et al., 2019). Conversely, far less is known about the gray fox, which may now be shifting its range northward (Reding et al., 2021). While gray foxes have been harvested over the past decade within the state (VTFW, 2021), the absence of gray fox in the zooarchaeological record could be due to the taphonomic biases in our dataset, and there is debate regarding the species range throughout the Holocene in Canada (McAlpine et al., 2016). Gray foxes only appear in the natural history record for Vermont by 1910, represented by a single skin from southern Vermont that is now stored at the Museum of Comparative Zoology (MCZ 64310). Further genetic research on extant populations of these taxa could help elucidate the human imprint on their distributions.




4.4. Looking to the past when considering the future of fur-bearers

Despite the taphonomic limitations inherent to Vermont, we have synthesized a dataset that makes decades of archaeological expertise from academic and governmental sources available for conservation and management decision-making. Conservation and restoration efforts are increasingly recognizing the importance of centering the ecological practices and relationships of Indigenous communities (e.g., Hessami et al., 2021; Lamb et al., 2022; Reeder-Myers et al., 2022). Consideration of the long history of socioecological systems is critical to parameterizing management approaches and identifying shifted baselines (see Abrams and Nowacki, 2020, Leonard et al., 2020, and Roos, 2020). Evolving molecular techniques such as zooarchaeology by mass spectrometry (ZooMS; Richter et al., 2022), ancient environmental DNA from sediments (Lentz et al., 2021), and conservation archaeogenomics (Hofman et al., 2015) all provide notable paths forward toward generating a more fully resolved and holistic picture of past and future fur-bearing mammals.
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Changing climate and land use activity are altering inputs of colored dissolved organic carbon (cDOC) into lakes. Increased cDOC reduces water transparency (browning) and changes lake physicochemistry, with biological consequences. Identifying the drivers and effects of changing cDOC inputs is critical for mitigating the consequences of climate change on lake ecosystems through adaptive watershed management. This study focused on determining the drivers of lake browning by evaluating shifts in diatom assemblages in subtropical, oligotrophic Lake Annie (FL, United States), which is known to experience climate-driven oscillations in transparency associated with watershed inputs of cDOC. We combined long-term limnological monitoring data and paleolimnological techniques to determine how diatoms respond to changes in cDOC and to infer past cDOC fluctuations relative to records of past climate and land use changes in the watershed. Diatom assemblage composition in a 14-year phytoplankton dataset was strongly correlated with cDOC-driven transparency fluctuations. Likewise, diatom assemblages in the upper 35 cm of the sediment core, which corresponded to a 35-year lake monitoring record, were also strongly related to past water transparency, yielding a strong transfer function (paleo model, R2 = 0.72). When the model was applied to the diatom record from a 166-cm sediment core, diatom-inferred transparency and rates of nutrient input showed that localized ditching in the 1930s enhanced the effect of climate oscillations on water transparency, intensifying cyclical browning thereafter. Integration of long-term monitoring and paleoecological data provided valuable insights into the history of the aquatic ecosystem, enabling implementation of adaptive management strategies to contend with a changing climate.
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 dissolved organic carbon, water transparency, Atlantic multidecadal oscillation, neolimnological approach, paleoecology and land-use history


Introduction

Lake browning is caused by inputs of terrestrially derived, colored dissolved organic carbon (cDOC) and concentrations are increasing in water bodies of some regions as a consequence of climate change and land-use modifications (Kritzberg, 2017; Kritzberg et al., 2020). A recent study found an ~18% reduction in “blue” lakes in the United States from 2007 to 2012, caused by both greening (eutrophication) and browning (Leech et al., 2018). Whereas 20th-century browning of some temperate lakes has been associated with atmospherically derived acidification (Monteith et al., 2007; Clark et al., 2010; Kritzberg, 2017), paleolimnological studies showed that some lakes have undergone “re-browning,” with recent cDOC concentrations surpassing historic levels (Meyer-Jacob et al., 2019). The causes and consequences of such cyclical browning are not well documented, particularly in understudied subtropical regions where lake color and transparency can be strongly influenced by precipitation and related cDOC input dynamics (De Senerpont Domis et al., 2013; Regier et al., 2016). Increasing precipitation variability may be driving increased cDOC inputs to lakes (Haaland et al., 2010; Chiu et al., 2020), but if or how land-use activity modifies these inputs is not known.

Given the profound effect that cDOC has on lake physicochemistry and biology, unraveling the climatological drivers and consequences of lake browning, and the land-use drivers that may enhance or reverse browning, is important. Browning reduces transparency, changes thermal regimes, and can increase the volume of hypolimnetic anoxia, thereby playing an important role in regulating the distribution and abundance of lake biota (Solomon et al., 2015; Knoll et al., 2018; Pilla et al., 2018). The composition and productivity of plankton communities respond to browning directly, through changes in carbon quality and acquisition, and indirectly, related to changes in transparency, mixing, and both external and internal nutrient loading of nitrogen and phosphorus (Kelly et al., 2018; Olson et al., 2020). As cDOC increases in oligotrophic lakes, phytoplankton dominance shifts from diatoms to cyanobacteria (Senar et al., 2021), or from synurophyte algae to diatoms (Sullivan et al., 2022), as a consequence of the addition of nutrients associated with the input of terrestrial organic matter. Higher concentrations of cDOC, however, can reduce production of cyanobacteria because of light limitation (Burford et al., 2022) and therefore, continued browning of dystrophic lakes can shift phytoplankton dominance from cyanobacteria to mixotrophs, which ultimately changes the path of energy transfer through the ecosystem (Senar et al., 2021). For example, cold-water fishes may be limited by light-limited food webs and anoxic hypolimnia in lakes that experience browning (Solomon et al., 2015; Symons et al., 2019; Williamson, 2020). Browning has a cascading effect on lake metabolism, population and community dynamics, and biodiversity, and can influence ecosystem services, including provisioning of clean drinking water (Kritzberg et al., 2020). Thus, determining whether and how land-use modifications interact with climate drivers to influence browning is critically important.

Fluctuations in climate-change-driven external inputs of cDOC to lakes can occur throughout a season or year, or over multi-year intervals, whereas land-use contributions to changing cDOC inputs may be associated with particular activities in watersheds that may or may not be well documented, often depending on availability of historical records (Meyer-Jacob et al., 2015). Discerning how climate and land-use changes interact to alter cDOC and its consequences therefore requires a multi-disciplinary approach. Paleolimnological approaches can provide evidence of climate and land-use change on long time scales (years to millennia), whereas neolimnological approaches can provide data at interannual to seasonal resolution (Fritz, 2008; Woodbridge and Roberts, 2010; Saros et al., 2012). Paleolimnologists have used diatoms to infer Holocene climate variability (Kilham et al., 1996) and the consequences of climate warming (Rühland et al., 2015) and drought (Laird et al., 1996) on lake ecosystems. Diatoms can respond rapidly to changing cDOC concentrations and diatom assemblages in lake sediments have been used to infer past cDOC shifts (Kingston and Birks, 1990; Dixit et al., 2001; Brown et al., 2017). For instance, increasing cDOC concentrations have been associated with a shift in dominance from benthic to phytoplanktonic taxa (Rosén et al., 2009; Gushulak and Cumming, 2020), driven by changes in light attenuation (Gushulak and Cumming, 2020). Diatom assemblage changes in browning lakes may therefore provide insights into the history of browning, potential drivers of browning, and the physicochemical consequences of browning cycles.

One lake where there is the potential to differentiate among the three factors contributing to browning is Lake Annie, a subtropical lake with a history of cyclical browning, as well as extensive monitoring data and watershed information. Lake Annie is a small (0.36 km2), relatively deep (zmax = 21 m) subtropical sinkhole lake that lies at 33.65 masl on the southernmost part of Lake Wales Ridge (LWR), in Highlands County, Florida (United States; 27°12′35″N, 81°20′57″W; Bishop, 1956; Layne, 1979). The lake and its surrounding area were purchased in 1983 by the Archbold Biological Station (Archbold; Battoe, 1987), which protects and monitors the lake and watershed. Monthly monitoring of transparency, thermal structure, and water chemistry in Lake Annie began in 1983, to which phytoplankton net tows were added in 2005. Until the 1990s Lake Annie was classified as oligotrophic, but since phytoplankton monitoring started, Lake Annie has been classified as oligotrophic to mesotrophic based on ranges of Secchi depth (0.7–6.7 m) and surface water total phosphorus and nitrogen concentrations (3–26 μg L−1 and 0.17–0.95 mg L−1, respectively). During relatively dry years, Lake Annie receives 80% of its hydrologic input from groundwater flow from the south, east, and west and 20% from direct rainfall (Battoe, 1987; Sacks et al., 1998). Water leaves Lake Annie via evaporation, subsurface flow, and a small outflow ditch, presumably constructed between 1917 and 1930, which flows north (Sacks et al., 1998).

Human modification Lake Anne’s hydrology began in 1917 when a railroad line east of the water body was built and cut off historic sheet flow. A 5-km-long ditch adjacent to the railroad was constructed and expanded the size of the lake’s surficial watershed under high-water conditions. Two other drainage ditches, one on the east side (smaller ditch) and one on the south side (larger ditch) of Lake Anne were dug in the early 1930s and connected the lake to the railroad ditch (Layne, 1979). This enabled delivery of overland flow to the lake from the railroad ditch during high groundwater and high rainfall events. Over the decades, erosion of sandy soils along the ditch likely contributed to increased flow, and the four hurricanes of 2004 and 2005 further eroded the network of sandy roads on Archbold, connecting the railroad ditch to more seasonal wetlands.

Monitoring data since 1983 showed that cDOC and transparency fluctuate with seasonal and interannual variability in groundwater input to the lake, driven by the Atlantic Multidecadal Oscillation (AMO; Gaiser et al., 2009b). During the AMO warm and wet phase (Enfield et al., 2001), the lake is brown and has a cooler, larger hypolimnion and more stable summer thermocline than during the drier AMO cool phase (Gaiser et al., 2009a). Lake Annie, with its combined long-term limnological monitoring and historical data on climate oscillations and their interaction with minor land use change in the watershed, offers an opportunity, in combination with paleolimnological data, to discern the role that watershed modifications have had on climate-driven browning.

We explored whether stratigraphic changes in diatom assemblages in Lake Annie sediments reflect long-term fluctuations in water transparency, driven by shifts in cDOC. We hypothesized that seasonal changes in diatom community composition in a 14-year, monthly-resolved monitoring dataset reflect climate and hydrologic drivers and lake responses to cDOC shifts, as recorded by transparency measurements. We assumed that past and modern diatom assemblages responded similarly to transparency shifts, and hypothesized that diatoms in thin strata from the uppermost lake sediments reflect interannual variability in transparency documented directly in a 35-year monitoring record. These data can be used to develop a sensitive lake-specific diatom-based transparency calibration that could be applied to sediments deposited over the last several thousand years to infer past water transparency. This would help resolve important questions about the history of climate oscillations, their interaction with local land-use modifications, and whether browning of Lake Annie occurred in the past, or is instead, a recent, human-mediated phenomenon.



Methods

Our study used three data sets: (1) a monthly physicochemical limnological, meteorological, and phytoplankton data set (October 2005–December 2019), (2) an annual average physicochemical limnological and meteorological data set (1985–2019), and (3) sediment element composition and diatom data from a 166-cm sediment core that spans approximately the last four centuries. We ran two intra-lake diatom analyses. One used monthly limnological and phytoplankton data and the other used mean annual limnological values along with diatom samples from the top 35 cm of the sediment core, which corresponded to the years of monitoring data. Two intra-lake diatom analyses were used to identify the physicochemical or meteorological factor that had the greatest effect on diatom assemblage changes. That factor (Secchi depth) was inferred using the strongest transfer function model from the two calibration datasets and the diatoms from the sediment core, then compared to the element stratigraphy in the core.


Calibration data

To examine relationships among climate and hydrologic drivers, limnological variables, and diatom assemblages, we accessed data on the major climate phenomena that influence Florida on interannual timescales (Enfield et al., 2001; Donders et al., 2011; Moses et al., 2013). Data for the Atlantic Multidecadal Oscillation (AMO), Pacific Decadal Oscillation (PDO), and Southern Oscillation Index (SOI) were obtained from the National Oceanic and Atmospheric Administration (NOAA) website, which includes the full index of the parameters (Physical Sciences Laboratory, 2020; NOAA, 2020b, 2020a). Modeled AMO values for the interval 1633–1985 were taken from dendrochronological inferences (Gray et al., 2004), which are reported to have high similarity (81%) to the known Sea Surface Temperature Anomalies Index.

We used mean monthly precipitation, lake stage, and groundwater elevation from Archbold’s long-term dataset to quantify hydrologic drivers of lake water transparency. Mean monthly precipitation for 1985–2019 was calculated from values recorded daily at Archbold’s National Weather Service Main Grounds Weather Station. Mean monthly lake stage (LWS) was calculated from weekly to biweekly measurements from the georeferenced staff gauge at the lake’s north outlet that was replaced in the late 1990s and subsequently monitored by Archbold for the Southwest Florida Water Management District. Mean monthly groundwater stage (GWS) was calculated from biweekly to monthly measurements in a well located 2.5 km south of the lake, established by the United States Geological Survey (USGS). We used data from Archbold’s long-term monthly lake monitoring (1985–2019) to explore linkages between water transparency and other limnological variables. Monthly Secchi depth was determined and served as a measure of water transparency. Monthly profile measurements were made at 1-m depth intervals at the deepest site in the lake (21 m), using a YSI Model 58 m for temperature, pH, and conductivity. Photosynthetically active radiation (PAR) was calculated from the photon flux density (PFD) at the lake surface and at 1-m depth intervals to the depth below which PFD was <1 μmol m−2 s−1, using a LiCor LI-1888B Integrating Photometer with 2 pi surface and underwater sensors. Lake thermal stability was calculated from the water temperature vertical profiles, using the rLakeAnalyzer package in RStudio v. 1.2.5001.

Surface water samples for total phosphorus (TP), total nitrogen (TN), and chlorophyll-a (Chl-a) were collected monthly by Archbold staff and analyzed by Florida LAKEWATCH from 2001 to 2019 (Florida LAKEWATCH, 2020). An additional set of surface water samples was collected from 2006 to 2019 and analyzed for total organic carbon (TOC) by the CAChE Nutrient Analysis Core Facility at Florida International University.



Phytoplankton net diatom samples

Monthly phytoplankton samples from 2005 to 2019 were collected using a 10-m vertical tow of a 20-μm phytoplankton net. Samples were used to determine the seasonal variability of diatom assemblages in the monthly record. Samples were refrigerated in 2% glutaraldehyde solution, then settled for 24 h before pipetting the concentrated phytoplankton sample (5–8 mL) into a glass vial. A 3-ml subsample of the concentrated sample was oxidized using sulfuric acid, potassium dichromate, and oxalic acid, following the procedure of Battarbee et al. (2001). For 21 samples with low diatom abundances, a second 3–5-mL subsample or the entire remaining material (6–8 mL) was used. A measured volume (0.05–1.00 mL) of the neutral diatom sample was dried and mounted on a slide with Naphrax®. Identification and enumeration of diatoms were done on a Zeiss Axioskop 2 microscope at 1,000× magnification. At least 600 diatom valves, including broken valves that were 60% intact, were counted along a random transect (Battarbee et al., 2001). For the 21 samples with low diatom abundances, 25% of the slide was enumerated. Digital photos of each taxon were captured using a Leica Microsystems Ltd. camera and Leica Application Suite (LAS) V 4.12 software. Diatoms were identified to the lowest taxonomic level possible (species and variety) using the taxonomic literature and the Diatoms of North America website (Spaulding et al., 2019).1 Taxa that were not identifiable were given a numeric code and documented in the image-based flora found at https://diatoms.org/practitioners/voucher-flora-archive.



Sediment core

A 166-cm-long sediment/water interface core was recovered from a water depth of ~21 m in Lake Annie on 6 September 2019, using a 7.62-cm-diameter piston corer (Fisher et al., 1992). The core was extruded at 1-cm intervals and wet subsamples were kept in sterile bags under refrigeration. A 2–3-cm3 subsample was removed from each 1-cm interval, weighed, and dried at 100°C in an oven, and re-weighed to determine percent dry mass and percent water content. Remaining wet material from each stratigraphic sample was freeze-dried prior to subsequent analyses.



Core chronology

We established the recent sediment chronology by 210Pb dating. Total 210Pb, 137Cs, and 226Ra activities were measured using low-background gamma detectors (Schelske et al., 1994). Sediments in the topmost 8 cm had low bulk density, so dry sediments from 0 to 4 cm depth were combined, proportional to their respective dry bulk densities, to provide sufficient mass. Samples in the interval 4–8 cm were likewise combined. From 8 to 40 cm, activities were measured at 2-cm intervals, and below 40 cm, activities were measured at 4-cm intervals. Unsupported 210Pb activity in each sample was determined by subtracting 226Ra activity (i.e., supported 210Pb activity) from total 210Pb activity. We calculated sediment ages with the constant-flux, constant-sedimentation (CFCS) model (Krishnaswamy et al., 1971) and estimated the average linear sedimentation rate (S, cm a−1) as the quotient of the decay constant of 210Pb (0.031) divided by the slope of the regression of the natural log of 210Pbunsupported against the mid-depth of each sediment interval. We estimated the average mass sedimentation rate (MSR, mg cm−2 a−1) as the quotient of the decay constant of 210Pb (0.031) divided by the slope of the regression of the natural log of 210Pbunsupported against the mid-depth cumulative mass (mg cm−2) for each sediment interval. We calculated age errors using the 95% confidence interval of that MSR estimate.

Because the stratigraphic profile of 210Pbunsupported activity indicated variable sedimentation rates, we also applied the constant rate of supply (CRS) model (Appleby and Oldfield, 1983; Oldfield and Appleby, 1984) so that sedimentation rates within each stratigraphic interval could be calculated. Age errors for the CRS model were propagated using first-order approximations and calculated according to Binford (1990). To correct for “too old” ages at greater depths in the core, which are an artifact of the CRS model, we applied a “CFCS-CRS Hybrid” model that increased the unsupported inventory of 210Pb (A0) in the CRS model by mathematically adding a small amount of 210Pbunsupported activity below the deepest sample with measurable 210Pbunsupported activity. This approach uses the CFCS age for the deepest sample with measurable 210Pbunsupported activity to calculate the missing unsupported inventory of 210Pb for the CRS model. We made the adjustment using the following formulas:

[image: image]

[image: image]

[image: image]

To calculate ages at 1-cm intervals within sediments that contained 210Pbunsupported (40–80 cm), we interpolated 210Pbunsupported activity between measured values and applied the CFCS-CRS Hybrid model to the measured and interpolated data. To calculate ages for sediment sections deeper than those with 210Pbunsupported, we extrapolated the depth-age relation using the mean mass sedimentation rate determined by the CFCS model for the 210Pb-dated section of the core.



Core geochemistry

Percent total carbon (%TC) and total nitrogen (%TN) in sediment were measured in the Light Stable Isotope Mass Spectrometry Laboratory at the University of Florida, using a Carlo Erba NA1500 CNS elemental analyzer. Samples for analysis of carbon stable isotopes in organic matter (δ13C) were treated with 1 N HCl to remove any possible trace carbonate, and then washed with distilled water to remove chloride. Samples for nitrogen isotope analysis (δ15N) were not acidified. Samples for carbon and nitrogen isotopes were loaded into tin capsules and placed in a 50-position automated carousel on the Carlo Erba elemental analyzer. Samples were combusted at 1020°C, after which the generated gases were carried in a helium stream through a Conflo II interface to a Thermo Electron DeltaV Advantage isotope ratio mass spectrometer. Stable carbon isotope results are expressed as permil (‰) in standard delta notation relative to VPDB. Stable nitrogen isotope values are expressed as permil (‰) relative to AIR, i.e., δ15N = 0.

Biogenic silica (SiO2) in freeze-dried sediment (n = 166 samples) was measured in the laboratory of the St. Croix Watershed Research Station, MN, using the methods of Conley and Schelske (2001). Total phosphorus in the freeze dried sediment samples was measured at the Wetland Ecosystems Research Laboratory at FIU, using a dry-ashed and acid hydrolysis method and analyzed on a UV-2450 Shimadzu Scanning Spectrophotometer (Solorzano and Sharp, 1980).



Diatoms in the sediment core

Diatom analysis used 20–40 mg of freeze-dried subsample from each core interval, which was oxidized using the procedure described above for phytoplankton. The neutral samples were settled for 24 h in Battarbee Chambers containing three round glass cover slips (Battarbee, 1973) that were subsequently mounted on microscope slides using Naphrax®. A total of 600 intact diatom valves were identified and counted in each sample. Diatom counts and chronologies from the sediment core are available at https://data.neotomadb.org/55915 and https://doi.org/10.21233/VES5-3E24.



Data analysis


Sub-annual responses of diatoms to transparency changes

Diatom assemblage response to monthly variability in transparency and the hydrologic drivers and limnological consequences of transparency variability were evaluated using the 14-year phytoplankton record (2005–2019). Secchi depth was used to indicate the consequences of browning on water transparency, since prior studies showed a strong positive correlation between the frequent measures of Secchi depth, and less frequent measures of water color and total organic carbon (TOC, 98% of which is DOC; Gaiser et al., 2009a; Dempsey et al., 2020). The relationship between hydrologic drivers and limnological correlates of Secchi depth variability were evaluated using the monthly means of all meteorological and limnological variables. Missing meteorological and physicochemical data (3% of values) were interpolated using the average of the previous and subsequent values. A Pearson correlation matrix was used to determine correlations, after adjusting the mean to zero and the standard deviation to 1 for each variable. Strong correlations had a rounded correlation coefficient (R2) that was >0.5 or <−0.5, and significant correlations had p-values < 0.05. The influence of the primary hydrologic and chemical drivers of hydrologic change, GWS and TOC, respectively, on Secchi depth variability, were further evaluated relative to the other hydrologic and physicochemical variables, using an Auto Regression Integrated Moving Average (ARIMA) time series analysis. The Akaike’s Information Criterion (AIC) values were compared between the explanatory models, with the best model having the lowest AIC value.

The abundance of each diatom taxon was calculated relative to the total count, and all taxa, including rare and infrequently encountered taxa, were retained in the analysis because they hold valuable information and have been shown to improve transfer functions (Marquardt et al., 2021). Diatom assemblage transitions associated with a dark to clear transparency shift were determined using constrained cluster analysis (CONISS; “rioja” R package). Diatom relative abundances were square-root transformed before applying the Bray–Curtis similarity index and dissimilarity analysis (SIMPER), and an analysis of similarity (ANOSIM), using PRIMER-E software (Clarke and Gorley, 2015), was used to determine the magnitude and significance of phase differences. The ANOSIM output statistic (R) ranges between 0 and 1, for which a value of 1 indicates strong separation between the two phases, and a significance level of p < 0.001. Climate and physicochemical differences between the two phases were then evaluated using a t-test. Diatom assemblage shifts were also evaluated in a two-dimensional metric multidimensional scaling (nMDS) ordination, with samples coded by dark or clear phase. Climate, hydrological, and physicochemical variables that explain more than 50% of the variation in diatom assemblage compositional differences (R2 > 0.5) and with a p-value < 0.05 were plotted as vectors. Indicator species analysis (ISA) was used to determine indicator taxa for each diatom-transparency phase (dark and clear), using the “indicspecies” R package (De Cáceres et al., 2010). The Shannon Diversity Index (SDI) was calculated to determine whether taxon diversity and evenness also differed between dark and clear phases. Finally, the relative abundances of planktonic and tychoplanktonic taxa (diatoms that are benthic or weakly attached to the substratum) were compared to determine if planktonic taxa had higher abundance during dark lake phases.



Decadal responses of diatoms to transparency and the “paleo” transfer function

The “paleo” transfer function was created using the 35-year limnological record (1985–2019) that was chronologically calibrated to the near-annually-resolved sedimented diatom record. This in-situ “paleo” transfer function was desirable because it was known that this longer-term sediment record captured multi-decadal transparency oscillations driven by the AMO (Gaiser et al., 2009b). Samples from the uppermost 35 cm of the core were used for the “paleo” transfer function based on the 210Pb age model, for which the date at 35 cm was ~1985 (Quillen et al., 2013). The top 35 samples were used to examine the drivers of variability in diatom assemblage composition and to derive the paleo-diatom-Secchi depth transfer function by using the annual averages of weekly to monthly data for all climate, hydrologic, and limnological variables in the long-term monitoring record, excluding years that did not correspond to the 210Pb age estimates (1987, 1989, 1991, 1996, 2001, and 2005).

We evaluated the relationship between diatom assemblages and climate, hydrologic, and physicochemical variables in a manner similar to how we examined the monthly dataset. A Pearson correlation matrix of all variables was performed. Among-sample variability in diatom percent relative abundances was determined by a CONISS, which resulted in two clusters that matched the dark and clear lake phases, confirmed by SIMPER and ANOSIM analyses. A t-test was used to evaluate differences in climate drivers and physicochemical correlates between the diatom-indicated dark and clear phases. A two-dimension nMDS ordination showed among-sample differences in diatom composition and their relation to the climate, hydrological and physicochemical variables (R2 > 0.5). An ISA was used to determine the indicator taxa for the diatom-indicated dark and clear phases. Lastly, the Secchi depth optimum and tolerance for each diatom taxon was calculated using weighted-averaging regression with the C2 software (Juggins, 2007). We used weighted-averaging partial least squares (WA-PLS) regression to generate the diatom-Secchi depth transfer function. The predictive ability and error were calculated from the correlation (R(apparent)2) between measured and diatom-inferred Secchi depth and a root mean square error (RMSE), and the bootstrap cross validation method that used 100 permutations and output an R(bootstrap)2 and a root mean square error of prediction (RMSEP). Model choice was based on largest R(apparent)2 and smallest value of RMSEP (Battarbee et al., 2001). The C2 software program was used to generate and test the models, and to hindcast the diatom-inferred transparency values for both models (Juggins, 2007; Birks, 2012).



Diatom-based transparency inferences and drivers

Diatom-inferred Secchi depth was calculated for sediment depths 166–36 cm, using the “paleo” transfer function. We also examined changes in accumulation rates of four elements [nitrogen, carbon, phosphorus, and silica (SiO2)], two molar nutrient ratios (C:N and N:P), and two stable isotopes in organic matter, δ13C and δ15N. The four accumulation rates were calculated from the percent mass weight of the variable and the bulk sedimentation rate. We determined the AMO Index for the corresponding sediment core sample using the estimated 210Pb age. The interval 166–76 cm (~1633–1903) used AMO inferred data from a model developed from tree rings (Gray et al., 2004), whereas the top 75 cm (~1906–2019) used AMO Index data from NOAA (Physical Sciences Laboratory, 2020). In addition, the SDI was calculated from each sediment core sample to explore the change in diatom assemblage diversity. We also used stratigraphic plots to examine the change in the percent relative abundance between planktonic and tychoplanktonic diatom taxa throughout the core. A Pearson correlation matrix was used to determine relationships between elements in the sediment core (nitrogen, carbon, phosphorus and silica), Secchi depth (measured and diatom-inferred transparency), SDI and the AMO, before plotting them as vectors on the nMDS, which showed how they relate to changes in the diatom assemblages. The sediment core was separated into six subzones, established by a CONISS of the diatom assemblage. A SIMPER and ANOSIM determined the significant difference within and between subzones. In addition, the indicator diatom taxa for each subzone were determined by the ISA. All variables were divided into six subzones and a Tukey post-hoc test was used to determine significant differences for a variable between subzones.





Results


Sub-annual and annual transparency responses

The Secchi depth oscillated from dark to clear sub-annually in the 2005–2019 monthly record, ranging from 0.7 to 6.7 m, and decadally in the 1985–2019 annual means, ranging from 1.86 to 7.06 m (Figure 1). Both the monthly and annual average records showed that the Secchi depth was negatively correlated with GWS and LWS, and positively correlated with PAR (1% PAR and 10% PAR; Supplementary Tables 1, 2). The monthly Secchi depth record also showed strong negative correlations with TP, TN, TOC, and Chl-a (Supplementary Tables 1A, 2A). Of all these factors, the ARIMA time series analysis from the monthly record showed that monthly precipitation, GWS and TOC had a stronger influence on the Secchi depth than did the other variables (AIC = 299.61 and 305,43, respectively, Supplementary Table 3; Supplementary Figure 1). In the annual record, the Secchi depth showed strong correlation with Schmidt stability and surface stability, and was negatively correlated with the AMO. The AMO had a stronger positive correlation with GWS (Supplementary Table 2B).
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FIGURE 1
 Average annual (1985–2019, line) and monthly (October 2005–December 2019, bars) Secchi depth measured during monthly phytoplankton sampling. The two diatom-based transparency phases are shown – dark (October 2005–July 2009 and August 2013–December 2019; indicated by the dark gray background) and clear (August 2009–July 2013: indicated by the light gray background).




Sub-annual responses of diatoms to transparency changes

A total of 203 diatom taxa were identified in the 1985–2019 monthly calibration set (18 planktonic taxa and 185 tychoplanktonic taxa; Supplementary Table 5). The CONISS analysis separated diatom assemblages into two transparency phases – the dark phase (October 2005–July 2009 and August 2013–December 2019) and the clear phase (August 2009–July 2013; Figure 1; ANOSIM R = 0.36, p = 0.001; SIMPER = 60.1% dissimilarity). The Shannon Diversity Index was higher, and the phytoplankton abundance was lower during the clear diatom-transparency phase, compared to the dark diatom-transparency phase (Figure 2). The dark diatom-transparency phases (n = 122 months, two dark phases) were in total longer than the clear diatom-transparency phase (n = 47 months). The ISA determined 12 indicator taxa for the dark diatom-transparency phase and 70 indicator taxa for the clear diatom-transparency phase. The dark diatom-transparency phase indicators included Asterionella ralfsii var. americana, Aulacoseira herzogii, Aulacoseira tenella, Eunotia zasuminensis, Tabellaria fenestrata, and Urosolenia longiseta, which are all planktonic species and had high relative abundances during the dark diatom-transparency phase (Figure 3). The indicators of the clear diatom-transparency phase included Brachysira brebissonii, Brachysira gravida, Frustulia pseudomagaliesmontana, Kobayasiella mesp03, and Navicula leptostriata, which are all tychoplanktonic taxa (Figure 4). Fewer dark indicator taxa reached greater abundance during the dark diatom-transparency phase, than did clear-indicator taxa in the clear phase.
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FIGURE 2
 Planktonic diatom relative abundance (top) and Shannon Diversity Index (bottom) from October 2005 to December 2019, with dark and clear diatom-transparency phases denoted by the light and shaded background.
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FIGURE 3
 Planktonic diatom taxa found in the phytoplankton net monthly sampling (2005–2019) and the 166 cm sediment core. Common taxa (>10 samples): Asterionella ralfsii var. americana (1–2), Aulacoseira coroniformis (3–4), Aulacoseira herzogii (5–6), Aulacoseira tenella (7–8), Eunotia zasuminensis (9–15), Tabellaria fenestrata (16–19), Tabellaria flocculosa (20–23), Urosolenia eriensis (24), Urosolenia longiseta (25).
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FIGURE 4
 Tychoplanktonic diatom taxa found in the phytoplankton net monthly sampling (2005–2019) and the 166 cm sediment core. Actinella punctata (1–2), Brachysira brebissonii (3–5), Brachysira gravida (6–8), Brachysira serians (9–10), Encyonema neogracile (11–12), Eunotia incisa (13–15), Eunotia veneris (16–19), Frustulia pseudomagaliesmontana (20), Kobayasiella mesp03 (21–22), Navicula leptostriata (23), Neidium pseudodensestriatum (24), Nupela neotropica (25–26), Nupela rumrichorum (27), Oxyneis binalis var. elliptica (28–29), Surirella cuspidata (30–31), Surirella grunowii (32).


Two climate oscillations (PDO and SOI), two hydrological drivers of transparency (GWS, LWS), and 11 physicochemical variables differed between the two diatom-transparency phases (Supplementary Table 1A). The Secchi depth range for the clear diatom-transparency phase was 1.5–6.7 m (mean = 4.10 m), compared to the dark diatom-transparency phase, which had a Secchi depth range of 0.7–4.34 m (mean = 1.98 m; Supplementary Table 1A). The dark diatom-transparency phase had a higher GWS and TOC, resulting in a shallower PAR depth (Supplementary Table 1A). In contrast, the clear diatom-transparency phase had lower GWS depth and TOC, which enabled a deeper PAR and Secchi depth. The PDO, GWS, TOC, Secchi depth and the variables associated with PAR [1% PAR, 10%PAR, and PAR extinction rate (PAR Ext. rate)] were the main factors that influence the change in diatom assemblage between the two diatom-transparency phases (Figure 5A).
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FIGURE 5
 (A,B) Two-dimensional nMDS ordination biplot of (A) modern calibration diatom taxon realitive abundances and (B) of paleo calibration diatom taxon relative abundances. (A) nMDS plot of the Monthly record (2005–2019) of the two diatom-transprency phases; clear (circle) and dark (triangle). Vectors for the climate, hydrological and physiochemical parameters with a R2 > 0.5 are provided for plot (A). (B) nMDS plots of the two diatom-inferred paleo-diatom-transparency phases; dark (dark triangle) and clear (clear triangle, and contains some duplicate years because of the 210Pb age). Vectors for plot (B) are nutrient and silica flux rates (phosphorus, nitrogen, carbon, silica), nutrient ratios (C:N, N:P), 210Pb age of sample, ẟ15N and ẟ13C values, Shannon diversity index (SDI), the measured (Subzone 2a–3b) and predicted AMO (Gray et al., 2004 – Subzone 1a–1b), and Secchi depth (observed Secchi depth used since 1985, middle of subzone 3a-3b, and the diatom-inferred Secchi depth Secchi Depth from the paleo model was used for subzones 1a – middle 3a).




Decadal responses of diatoms to transparency and the “paleo” transfer function

A total of 163 diatom taxa were identified in the paleo calibration record (~1985–2019: 14 planktonic taxa and 149 tychoplanktonic taxa). The CONISS analysis separated the record into two paleo-diatom-transparency phases – clear (1985–2007) and dark (2008–2019) – with each phase having similar duration (clear; n = 17, and dark; n = 18; ANOSIM R = 0.757; SIMPER = 29.27% dissimilarity). The ISA identified 27 indicator taxa for the clear paleo-diatom-transparency phase and six indicator taxa for the dark paleo-diatom-transparency phase. Three of the dark paleo-diatom-transparency phase indicator taxa were also indicators of the dark diatom-transparency phase in the sub-annual record and were planktonic taxa (Aulacoseira tenella, Eunotia zasuminensis and Urosolenia longiseta; Figure 3). The clear paleo-diatom-transparency phase indicators were more diverse, including taxa from the genera Aulacoseira, Brachysira, Discostella, Encyonema, Eunotia, Frustulia, Kobayasiella, Navicula, Neidium, Nupela, Pinnularia and Tabellaria. The clear transparency phase indicators were similar between the annual (paleo-diatom) and sub-annual (modern-diatom) datasets, and were dominated by tychoplanktonic taxa, including Brachysira brebissonii, Brachysira gravida, Frustulia pseudomagaliesmontana, Kobayasiella mesp03, and Navicula leptostriata (Figure 4).

Shifts in the paleo diatom calibration assemblage were strongly influenced by the AMO and several physicochemical variables (Figure 5B). The dark paleo-diatom-transparency phase had a positive (warm phase) mean AMO index value (Supplementary Table 1B). However, the change in assemblage between the end of the clear paleo-diatom-transparency phase (1985–2007) and the NOAA AMO cool phase (1963–1994; Physical Sciences Laboratory, 2020) was lagged by about 13 years. The hydrologic drivers and lake physicochemical variables fluctuated in phase with the AMO cool and dark transitions, with clear water transparency during the AMO cool phase and dark in the AMO warm phase (mean Secchi depths of 4.83 m, 2.69 m, respectively). The “paleo” transfer function model had an R2 = 0.728 and RMSEP = 1.14 (Figure 6).
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FIGURE 6
 Observed vs. diatom-inferred Secchi depth from the paleo model (R2 = 0.728, RMSE = 0.905) (R(bootstrap)2 = 0.588, RMSEP(bootstrap) = 1.15).




Diatom-based transparency inferences and drivers

The diatoms and nutrients in the sediment core accumulated during the interval from the early 1600s to 2019 (Figures 7, 8). The sediment core had finer temporal resolution in the top 80 cm, with a range of 0.31–3.2 years cm−1 (mean 1.6 years cm−1), and the sedimentation rate ranged from 33.6 to 67.5 mg cm−2 year−1. The Hybrid model was used to estimate the age from 1892 to 2019 (80 cm to the core top). A constant mass sedimentation rate determined by the CFCS model (R2 = 0.956, n = 28) for the upper 80-cm of the core, was applied to the deeper section of the core (80–166 cm) and yielded a date for the bottom of the core (166 cm) of 1633. Temporal resolution in the core was lower below 80 cm, averaging 2.85 years cm−1, i.e., 245 years/86 cm (Figure 8).
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FIGURE 7
 Stratigraphic plot for (A) Age, (B) Excess 210Pb, and (C) 137Cs with relationship to depth from the top 80 cm of the sediment core. Linear age vs. depth model is shown with the R2 value.
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FIGURE 8
 Age vs. depth plot from 210Pb analysis and age models. The 95% confidence intervals for dates estimated with 210Pb-dating models were small (~ ± 1 year) in the uppermost sample and increased with depth/age to ~ ± 11 year in the deepest sample (80 cm) with 210Pbunsupported. Dating errors for the CFCS-CRS Hybrid model were smaller (20 cm, 2006 ± 1 year; 40 cm, 1973 ± 2 year; 80 cm, 1893 ± 7 year) than those calculated for the CFCS model (20 cm, 2003 ± 2 year; 40 cm, 1976 ± 4 year; 80 cm, 1893 ± 11 year).


Diatoms in the sediment core were well preserved and a total of 216 taxa were identified (14 planktonic taxa and 202 tychoplanktonic taxa). Even the planktonic diatom in the genus Urosolenia, that is known to be delicate and poorly silicified, had intact identifiable portions. The CONISS determined three zones; zone 1 (166–76 cm), zone 2 (75–45 cm) and zone 3 (44–1 cm), and six subzones (1a, 1b, 2a, 2b, 3a, and 3b; 166–112 cm, 111–76 cm, 75–63 cm, 62–45 cm, 44–21 cm, and 20–1 cm, respectively, Figures 9–11 show ages for zones), from changes in the diatom assemblages in the sediment core. Zone 1 and zone 3 had the highest separation (ANOSIM R = 1; SIMPER = 50% dissimilarity), whereas zone 1 and zone 2 diatom assemblages were more similar (ANOSIM R = 0.75; SIMPER = 30% dissimilarity). Subzones 1a and 1b were the most similar (ANOSIM R = 0.468; SIMPER = 75% similarity), whereas subzone 3a and 3b were the most different (ANOSIM R = 0.744, SIMPER = 30% dissimilarity), compared to subzone 2a and 2b (ANOSIM R = 0.601, SIMPER = 27% dissimilarity). Eunotia was the dominant genus in all zones and was most abundant in zone 1 (bottom of the core; 45%; Figures 9, 10). Diatom diversity was highest in the middle zone (zone 2, subzone 2a and 2b), indicated by the Shannon Diversity Index (Figure 9). There is a marked transition to lower diatom diversity from Zone 2 to Zone 3 (the top zone). Zone 3 was dominated by five out of the 14 planktonic taxa that were present (Asterionella ralfsii var. americana, Aulacoseira herzogii, Aulacoseira tenella, Eunotia zasuminensis, and Tabellaria fenestrata), which had an overall mean of 46% relative abundance compared to zone 2 and zone 1 (12, 5%, respectively; Figure 9). Tychoplanktonic diatom taxa had higher abundance at the bottom of the core (zone 1) and declined in zone 2, with a sharp transition to a lower diversity from Zone 2b to 3a and thereafter decreasing substantially in zone 3 (Figure 10).
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FIGURE 9
 Stratigraphic plots of Secchi depth (observed – black line and diatom-inferred – gray line), number of diatom taxa present, Shannon Diversity Index, the percent relative abundance of planktonic diatom taxa, and the percent relative abundance of nine planktonic diatom taxa found throughout the 166 cm (1633–2019) sediment core. Subzones (right 1a–3b) are determined by the change in diatom assemblage from a constrained cluster analysis.
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FIGURE 10
 Stratigraphic plots of the percent relative abundance of tychoplanktonic diatom taxa, and the percent relative abundance of 16 tychoplanktonic diatom taxa (from 202 taxa) found throughout the 166 cm (1633–2019) sediment core.
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FIGURE 11
 Stratigraphic diagram of flux rates of silica (SiO2), nitrogen, carbon, and phosphorus, ẟ15N and ẟ13C values, and the C:N and N:P ratios, from the sediment core (166 cm, 1633–2019). The timeseries for the AMO Index and the predicted AMO Index (Gray et al., 2004 model) are also shown.


The “paleo” model had strong taxonomic overlap with the sediment core (71.4%). The diatom-inferred transparency record had greater Secchi depth in zones 1 and 2 (range 7.8–9.6 m, and 6.1–9.4 m) compared to the diatom-inferred and observed Secchi depth in subzone 3a (range 2.2–7.0 m) and the observed Secchi depth in subzone 3b (1.86–4.8 m; Figure 9). The diatom-inferred transparency record, using the “paleo” model, had an estimated Secchi depth of 5.34 m in 1974 and 5.62 m in 1977, close to the measured annual averages in 1974 (4.27 m) and 1977 (5.40 m).

Total nutrient (TC, TN, TP) accumulation rates showed similar trends to the diatom-inferred transparency record, but with a stronger notable pulse in the 1930s followed by increased nutrient accumulation rates after 1999 (Figure 11). The C:N ratio increased steadily to subzone 2b, then decreased toward the top of the core, whereas there was a decline in the N:P ratio in subzone 3a (Figure 11). The δ13C and δ15N showed a more stable pattern, except those values in subzone 1a were higher than in subzone 3b (Figure 11). The SiO2 accumulation rate was variable throughout the core with a peak in the mid-1930s (Figure 11). Changes in diatom assemblage composition were strongly related to Secchi depth, the three nutrient accumulation rates, the two stable isotope values, and SDI (Supplementary Figure 2). The AMO and SiO2 did not have a strong relationship with the diatom assemblage fluctuations (Supplementary Figure 2). The relationship between the AMO and diatom-inferred Secchi depth was stronger in more recent times (1964–2019, R2 = 0.43) than in the past (1856–1962, R2 = 0.03; Figure 12).
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FIGURE 12
 Secchi depth (observed and diatom-inferred, black line and gray line respectively) and the NOAA AMO index oscillation (black bars) from 1856 to 2019. The gray bar is when the two ditches were dredged near Lake Annie (estimated between 1930 and 1940).





Discussion

The three climate oscillations (AMO, PDO, and SOI) that regulate Florida precipitation (Enfield et al., 2001; Moses et al., 2013) and water transparency in Lake Annie (Gaiser et al., 2009a,b; Sullivan et al., 2022) also regulate the lake’s diatom assemblage composition. The two diatom-transparency lake phases (dark/clear/dark from 2005 – present) and two paleo-diatom-transparency phases (clear/dark 1985 – present) had different diatom assemblages, with overlapping representation between the dark and clear phases. The relationship between transparency and diatom assemblage composition in the long-term data and upper sediment record (“paleo” model) provided inferences (RMSE 0.905, Figure 6) for Lake Annie’s transparency extending back to about the mid-1600s. The diatom-inferred Secchi depth suggests the transparency of the lake was clear until the watershed ditches were dug, after which a climate-regulated clear/dark cyclical pattern began in 1969 and continued to present. In addition, nutrient accumulation rates were low before the ditches were excavated, but increased and oscillated thereafter. That local, seemingly minor land modification in the 1930s, enhanced the impact that the AMO and PDO play in regulating Lake Annie’s transparency, with the AMO being more recognizable than the PDO in our sediment record because of its multi-decadal rather than sub-decadal oscillation.


Sub-annual responses of diatoms to transparency changes

The sub-annual (seasonal) calibration data showed a distinct change in the lake diatom assemblage from tychoplanktonic to planktonic taxa as TOC increased and transparency declined, i.e., between clear and dark phases. Other studies have shown that light availability regulated by cDOC concentration is a key factor in controlling shifts in dominance from benthic to planktonic diatom taxa (Rosén et al., 2009; Gushulak and Cumming, 2020). In Lake Annie, the clear phase also had higher diatom species richness than the dark phase. A whole plankton community study of Lake Annie used the same 14-year record (2005–2019) and showed similar break points for the dark and clear transparency phases, as well as a lag in response to the AMO phase transition (Sullivan et al., 2022). Diatom biovolume was high in the dark phase and decreased in the clear phase, as biovolume of other microalgae, like synurophytes, increased (Sullivan et al., 2022). In addition to low TOC concentrations, the clear phase also had lower nutrient concentrations, suggesting a higher degree of nutrient limitation during the clear phases, whereas light may play a stronger role in regulating composition during the dark phase, when nutrients are more available (Isles et al., 2020, 2021). Higher nutrient concentrations are expected in times of higher cDOC, and a single rainfall event (or in temperate regions, snowmelt) can leave a long-term legacy on lake color and trophic status (Ågren et al., 2010; Qiao et al., 2017). The dark phase planktonic diatom indicators included species that tolerate both higher TOC, like Aulacoseira tenella and Eunotia zasuminensis (Eloranta, 1986; Burge and Edlund, 2017), and thrive at higher nutrient concentrations, like Aulacoseira herzogii and Tabellaria fenestrata (Wessels et al., 1999; DeColibus and Lowe, 2013; Bicudo et al., 2016). These taxa may also respond to corresponding changes in storm-generated mixing, which is more frequent in the dark phase and known to produce significant changes in phytoplankton species composition (Stockwell et al., 2020).



Decadal responses of diatoms to transparency and the “paleo” transfer function

We were able to generate a transfer function from the neolimnological climate and physicochemical data and the 210Pb-calibrated diatom record from the upper 35 cm of the core (1985–2019) because of the finer temporal resolution in the upper sediments where the diatom assemblage in each centimeter represented approximately annual resolution. The “paleo” transfer functions had similar oligotrophic, mesotrophic and dystrophic taxa seen in other Florida lakes (Whitmore, 1989), including Eunotia incisa and Tabellaria fenestrata, however Lake Annie had more Aulacoseira and Eunotia taxa, like Aulacoseira herzogii and Eunotia zasuminesis, which are known to represent mesotrophic and dystrophic lake conditions and were not included in the Whitmore (1989) study, but have been seen in other Florida water bodies such as Lakes Suggs and Lou (Sweets et al., 1990). The shift in dominance from tychoplanktonic diatom taxa in the past to planktonic diatom taxa more recently implies that Lake Annie was clearer in the past than it has been in recent decades.

The chronological resolution of the upper 80 cm determined by the hybrid 210Pb model (0.3–3.2, mean = 1.6 years cm−1) was somewhat higher than that determined by Quillen et al. (2013, 2.6 years cm−1), which enabled us to achieve higher sampling frequency and detect changes at high temporal resolution throughout the core. Other Florida lakes in the region yielded cores that enabled inferences about long-term climate changes and recent trophic state shifts (Grimm et al., 1993, 2006; Brenner et al., 1996). Sampling resolution in the Lake Annie core, however, was much higher (1 cm), enabling us to infer past changes at a finer scale.



Diatom subzones

Quillen et al. (2013) identified three diatom zones in a 4,000-year record from Lake Annie: a “stable lake phase” (~ 4,000–250 cal year BP), a “lake acidification phase” (1800–1980 CE), and a “local hydrologic change phase” (1980–2003 CE). We were able to resolve these transitions more finely in our study. Subzone 1a and 1b equate to Quillen et al. (2013) “stable lake phase” (~1630–1800) and “lake acidification” phase (~1800–1900), respectively. We term subzones 2a and 2b the “land modification phase” (~1906–1938) and “post local land modification phase” (~1940–1968), respectively. The upper portion of the core reflects the clear to dark transition, with subzone 3a representing the “transitional phase from clear to dark” (~1970–2004) and subzone 3b representing the “dark phase” (~2006–2019). Each of these time periods is described below, focusing on diatom diversity, change of tychoplanktonic to planktonic species, carbon, nitrogen and phosphorus accumulation rates, diatom-inferred water transparency, and the AMO (Table 1).



TABLE 1 Summary table of the Subzones including inferred transparency, percent relative abudance of planktonic and tychoplanktonic diatoms, mean flux rates of nutrients, and the potential land modifications and climate events that influenced the changes recorded in the sediments.
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Stable Lake Phase (Subzone 1a, ~1630–1800)

This phase, in the lower part of the sediment core, was characterized by high diatom diversity, low planktonic diatom abundances, low carbon and nutrient accumulation rates, and large diatom-inferred Secchi depth values. This phase marks the end of the longer “stable phase” of Quillen et al. (2013), with low diatom-inferred water TP and a pH ~ 5.5. The δ13C value of −28‰ is probably indicative of an allochthonous C3 carbon source (−29 to −27‰; Meyers, 1997) and similar to values during this period reported from a sediment core taken in Lake Annie by Torres et al. (2012). The diatom-inferred transparency does not show a cyclical pattern, although dendrochronological records suggest the AMO was operational, yet mostly in the warm phase during this period (Gray et al., 2004). Overall, the lake was likely clear, acidic, and oligotrophic for a prolonged period during this phase.



Lake Acidification Phase (Subzone 1b, ~1800–1900)

The planktonic taxon abundances, carbon and nutrient accumulation rates, and diatom-inferred Secchi depth showed no change in this phase from the stable phase, however the diatom diversity decreased slightly. The diatom assemblages during this phase are suggestive of lower pH (Quillen et al., 2013), which was also shown in diatom-inferred pH records from other Florida lakes (Sweets et al., 1990; Sweets, 1992), driven by an increase in acid deposition that started ca. 1900. Carbon accumulation rates and the δ13C showed no change from subzone 1a, but the C:N ratio was higher in this phase, perhaps because increased acid rainfall mobilized terrestrial carbon (Clark et al., 2010). Like the previous phase, the diatom-inferred transparency record showed no cyclical pattern, though dendrochronological records suggest the AMO was oscillating and mostly in the cool phase (Gray et al., 2004). The lake during this phase remained clear and oligotrophic, but was more acidic.



Local Land Modification Phase (Subzone 2a, 1906–1938)

There was an abrupt increase in carbon and nutrient accumulation after 1930, when the ditches were established (Layne, 1979), however throughout this phase the diatom-inferred Secchi depth gradually decreased, while the diatom diversity steadily increased, and planktonic diatom relative abundances started to increase. The largest spike in silica occurred during this time, also indicating expansion of the watershed and input of silica-rich sand into the lake. The pH in the lake remained low during this period (Quillen et al., 2013). Whereas the ditches were dug during the AMO cool phase, the AMO shifted abruptly to the warm phase, but the diatom-inferred transparency record failed to detect the AMO signal, despite the higher resolution (1.1–5.5 year cm−1). Lower pH may have increased the photoreactivity of cDOC, maintaining clear conditions during this phase (Anesio and Granéli, 2003). Around the same time, there was substantial development around Little Lake Jackson, another Highlands County lake. Construction of hotels and a golf course increased organic carbon and nutrient input to the lake, causing an increase in planktonic diatom taxa, like Aulacoseira, indicative of a shift to eutrophic conditions, probably from nutrient-rich septic tank and golf course runoff (Whitmore et al., 2006). Compared to Little Lake Jackson, the watershed of Lake Annie was not developed, and since its purchase in 1983, lies largely within the protected scrub habitats of Archbold Biological Station, with far less local human impact. Lake Annie continued to be oligotrophic, acidic (although less so than in the early 21st Century), and clear, although its transparency gradually declined.



Post Local Land Modification (Subzone 2b, ~1940–1968)

During this phase, the relative abundances of five planktonic diatoms (Asterionella ralfsii var. americana, Aulacoseira herzogii, Aulacoseira tenella, Eunotia zasuminensis, and Tabellaria fenestrata) increased relative to benthic diatoms, the diatom-inferred Secchi depth decreased steadily, and the carbon and nutrient accumulation rates increased. Quillen et al. (2013) also found a gradual increase in diatom-inferred pH during this time period, although the pH was lower than in the more recent record. In addition, the slight increase in allochthonous organic carbon (δ13C = −29.0 to −28.5‰) and nutrients, which may have affected the diatom assemblage, was likely related to the newly established ditches and an increase in precipitation intensity during the AMO warm phase. The onset of an AMO warm phase may have mobilized carbon that had accumulated and oxidized in the watershed during the prior cool phase. Given that the tychoplanktonic diatom taxa decreased, we assume that light availability was decreasing, a consequence of increasing dissolved carbon. Similar changes occurred in wetlands around other Florida lakes from 1900 to the 1940s, caused by installment of levees or drainage of wetlands. For instance, Lake Apopka experienced a dramatic increase in dissolved organic matter input, which reduced light penetration and contributed to the shift in the lake from a macrophyte-dominated to a phytoplankton-dominated aquatic ecosystem (Schelske et al., 2005). Sediment cores from some Florida lakes showed a similar increase in planktonic diatoms (Aulacoseira herzogii, Aulacoseira tenella, and Eunotia zasuminensis) from ~1900 to the 1960s, associated with acidification (Sweets et al., 1990). However, Lake Annie’s response to atmospheric acidification is known to have been buffered by significant bicarbonate alkalinity, with declines in pH not detected in monitoring records until after 1966, when the buffering capacity was depleted (Battoe and Lowe, 1992). Lake Annie continued to be oligotrophic, somewhat less acidic, and clear, but the water transparency was slowly decreasing because of increased runoff from the ditches and climate-driven input of cDOC.



Transitional Phase (Clear to Dark) (Subzone 3a, ~1970–2004)

In Subzone 3a the five planktonic diatoms (Asterionella ralfsii var. americana, Aulacoseira herzogii, Aulacoseira tenella, Eunotia zasuminensis, and Tabellaria fenestrata) displayed high abundances relative to the tychoplanktonic diatoms, and diatom diversity started to decrease. The diatom-inferred TP steadily increased (Quillen et al., 2013) and the diatom-inferred Secchi depth started to oscillate, shifting from shallow to deep (1970–1986), after which the measured Secchi depth continued to decrease, from 7 m in 1986 to 2 m in 2004. Carbon and nutrient accumulation rates were high during this phase, but slowed temporarily. The change from the AMO warm to cool phase is a potential reason for the changes in biota and carbon and nutrient accumulation rates in subzone 3a. The NOAA AMO cool phase (1970–1993) occurred mostly during subzone 3a, when less intense precipitation and even droughts occurred more often in Florida (Enfield et al., 2001; Abiy et al., 2019), thus there were lower carbon and nutrient accumulation rates. In addition, the AMO index explained more of the variability in the transparency record (diatom-inferred and measured Secchi depth) during this time frame, compared to the previous subzones. The lake, however, was experiencing dystrophic conditions, indicated by the planktonic diatom taxa, especially the two taxa that prefer high TOC concentrations (Aulacoseira tenella, and Eunotia zasuminensis; Eloranta, 1986; Burge and Edlund, 2017). In addition, the lake was acidifying during the early part of this phase (1966–1978, Battoe and Lowe, 1992) and then began to recover. Decreasing transparency toward the end of this phase may have been reinforced by the positive relationship between pH and TOC (Davis et al., 1985). Changes to lake drainage driven by the excavation of the bayhead and enhancements of the road across the lake’s outlet may have increased water residence time and the accumulation of organic carbon in the lake. These factors may have caused Lake Annie to have remained slightly acidic relative to the present, but with clearer water that darkened during the shift to the warm AMO phase.



Dark Phase (Subzone 3b, 2006–2019)

The most recent time period, Subzone 3b, is characterized by the highest abundance of the five planktonic taxa relative to the tychoplanktonic diatoms, highest carbon and nutrient accumulation rates, lowest diatom diversity, and lowest measured average Secchi depth, compared to all other subzones. These changes in water quality and biota resulted from both the increase in precipitation intensity driven by the AMO warm phase (1990 – present; Enfield et al., 2001; Abiy et al., 2019), and the ditches that contribute runoff to the lake. The year 2004 had an active hurricane season, with three of four major Florida hurricanes (Charley, Frances, and Jeanne) affecting Archbold, causing extreme high water levels and runoff to the lake with extensive upstream erosion of ditches and sandy roads, which increased the size of the watershed under high water conditions since that time. These runoff events leave long legacies in the lake by increasing material inputs and prolonging stratification, causing a lengthened period of hypolimnetic anoxia (Gaiser et al., 2009a). Effects of large rainfall/flooding events are even more pronounced when they follow prolonged droughts that facilitate carbon and nutrient mineralization in the surrounding watershed, which are then mobilized into the lake via surface and groundwater (Gaiser et al., 2009a). Such events, which are common in the warm AMO phase, drive thermal and nutrient legacies and appear, from this study, to have biological consequences. Lake Annie is now an oligo-mesotrophic lake that has prolonged periods of low transparency. However, despite greater relative increases in phosphorus relative to nitrogen, the lake remains highly phosphorus-limited. The monthly transparency record during this time showed that Secchi depth was variable and displayed a seasonal signal, shifting between a clear and dark lake, a change that the diatom assemblage in the sediment core was unable to detect.




Application and summary


Other factors that influence the diatom assemblages

In this study we determined that reduced transparency caused by greater cDOC delivery was the main cause for a shift from tychoplanktonic to planktonic diatom assemblages. Those changes likely resulted from a combination of direct (i.e., light limitation) and indirect effects (i.e., changes in nutrient availability, mixing regimes, grazer abundances). Lower light availability may limit littoral production and reduce the relative abundance of tychoplankton that can access both planktonic and benthic nutrient sources (Fork et al., 2020). Associated increases in pelagic nutrient availability may promote proliferation of planktonic species. We acknowledge that our planktonic calibration dataset may be biased toward larger diatom taxa retained in the 20-μm mesh net. Smaller planktonic diatoms like Aulacoseira tenella, identified in the sediment core, might have been underrepresented in water column collections, but such bias would have been consistent across samples in the dataset.



Application to the AMO debate

Climate and local land modifications are the two major factors that currently regulate inter-annual to decadal changes in Lake Annie’s transparency and diatom dynamics, similar to lakes elsewhere. This study showed that land use modifications can amplify climate-induced oscillations in lakes by enhancing allochthonous supplies of cDOC. Currently, there is a debate about whether the AMO is a purely meteorological phenomenon or whether it was driven by tectonic activity in pre-industrial times and anthropogenic influences thereafter (Mann et al., 2021). There are four reasons why the effect of the AMO on lake browning may not have been apparent in the pre-1930s diatom-inferred transparency record: (1) the AMO itself was a weaker driver of Florida’s rainfall (Mann et al., 2021), (2) the pre-1930s transparency inferences were at a coarser scale than the AMO signal itself, or most likely, (3) ditches dug in the 1930s enhanced connections to the watershed, amplifying the effect of the AMO on the lake, and (4) potential interactions between cDOC and changes in pH caused by industrial atmospheric acidification. Attempts to infer the dynamics of the AMO have demonstrated its long-term existence (Mann et al., 2009; Svendsen et al., 2014; Moore et al., 2017), including the Gray et al. (2004) dendrochronological rainfall record, which shows an oscillation pattern extending back to 1567. The inferred amplitudes and durations of the AMO cycle differ among these records (Lohmann et al., 2015). Thus, uncertainty about the strength of the AMO in pre-industrial times remains because of its absence in our diatom-based record. Continued long-term meteorological and limnological monitoring may resolve this question – if the AMO is a natural climate cycle, the cool AMO phase should return, leading to another clear lake phase and the return of tychoplanktonic diatoms.



Application to “re-browning” debate

Land use amplification of climate impacts, leading to browning, has been observed in other lakes (Williamson et al., 2009; Lapierre et al., 2021) and paleolimnological studies can be used to determine when and how this interaction was strengthened (Turkia et al., 1998; Schelske et al., 2005). For instance, decadal oscillations in river DOC were attributed to interactions between land modifications and climate variability (Erlandsson et al., 2008). Unlike other acidic lakes that are currently re-browning (Meyer-Jacob et al., 2019), browning cycles appear to be a recent phenomenon in Lake Annie. Management of land use to reduce allochthonous DOC inputs is now a recognized approach (Kritzberg et al., 2020; Williamson, 2020). Manipulating water flow through Lake Annie’s ditches could improve understanding of the interaction between climate oscillation and groundwater versus surface-water inputs of cDOC. Such manipulations may also shed light on the effects of increased carbon, nitrogen, and phosphorus export to downstream lakes, including Lake Okeechobee. Combining long-term monitoring and paleolimnological methods provides ample evidence that even low-level land modification can dramatically change lake response to climate oscillations by modifying inputs of cDOC and contributing to lake browning. Therefore, conservation efforts to maintain the integrity of aquatic ecosystems should include projections for climate oscillations, especially in climate-sensitive regions.
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Conservation paleobiology is a cross-disciplinary field that utilizes the geohistorical record of past life on Earth to inform present-day decisions in conservation and restoration and assist in planning for future natural resource management. However, information on how past ecosystems and species responded to environmental change over decadal to millennial timescales is rarely incorporated into conservation and restoration decision-making. To heighten awareness among conservation and restoration practitioners of the relevance of geohistorical data and to bridge the gap between research and implementation in conservation paleobiology, we proposed a Research Topic titled “Integrating Conservation Biology and Paleobiology to Manage Biodiversity and Ecosystems in a Changing World”. The 21 articles subsequently published demonstrate the diversity and breadth of geohistorical information available to resource management and the challenges of translating these results into conservation practice and policy. Here we discuss the lessons we learned from editing the Research Topic and suggest a pathway forward for conservation paleobiologists who aspire to generate actionable research results to solve current problems in biodiversity conservation and ecological restoration.
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Introduction

Conservation paleobiology is a growing cross-disciplinary field that seeks to integrate geohistorical information from a variety of disciplines to inform decision-making in conservation and restoration. Practitioners of conservation paleobiology believe that this longer-term perspective is a critical component of planning in natural resource management because data from current ecosystems capture only a snapshot of responses to perturbations, typically in systems that are already highly altered. The geohistorical perspective allows us to examine past responses to changing conditions over long time periods, providing data on how natural systems functioned prior to anthropogenic alteration. In this way, geohistorical records serve as a natural laboratory of unplanned experiments to explore past states of species and ecosystems and their responses to change over timescales unavailable to researchers of modern systems and under climate conditions that go beyond present-day observations, but that may mimic future changes. Geohistorical records of the recent past also provide an opportunity to examine human impacts on present-day species and ecosystems over decadal to millennial timescales prior to the implementation of systematic monitoring (Dietl et al., 2015; Wingard et al., 2017). Although this window to the past is not a perfect record, geohistorical records remain an invaluable source of information that allows us to examine how biota and ecosystems functioned in the past and to predict how they might respond in the future (Fordham et al., 2023).

So, given the unique perspectives that conservation paleobiology can provide, why is the field not an integral part of natural resource management and decision-making? Paleontologists and geologists have long understood the value of studying the past but have often lacked the research-to-stakeholder connections and training that allow them to collaborate effectively with ecologists, conservation biologists, and resource managers and directly apply their results in measurable ways to conservation and restoration. This lack of engagement diminishes the relevance of conservation paleobiology to conservation practice and sustains the widely held view that a “gap” exists between research and implementation in conservation and resource management (Kelley et al., 2018; Dillon et al., 2022; Dietl et al., 2023; Groff et al., 2023).

In proposing the Research Topic, Integrating Conservation Biology and Paleobiology to Manage Biodiversity and Ecosystems in a Changing World, we had hoped to bring the practitioner and research communities together to bridge the research-implementation gap and highlight the application and importance of conservation paleobiology research to a variety of conservation and restoration issues. The guidelines in our call for papers specifically asked for research that demonstrated the direct application of conservation paleobiology to conservation, restoration, and resource management issues. Optimistically, we thought we could foster new cross-disciplinary synergies by encouraging conservation paleobiologists to collaborate with conservation scientists and managers and incorporate geohistorical information into decision-making. Our vision was to demonstrate, through a diversity of submitted articles, how conservation palaeobiological data can be integrated with biological and ecological data, and with modeling efforts, to enhance conservation and restoration decision-making and management (Figure 1). As an additional outcome, we hoped to increase awareness among paleontologists to the needs of the resource management community. Here, we address the question – how successful were we in achieving our goals and what lessons can we learn moving forward?




Figure 1 | Conceptual diagram of the synergy between conservation paleobiology, biology and ecology, and modeling (outer ring of circle) and their contributions to conservation and restoration planning and decision-making (inner circle). Arrows represent the flow of information between fields (outer circle) and towards planning and decision-making (inner circle). Examples of geohistorical data that contribute to conservation paleobiology and were represented by the 21 papers in the Research Topic are listed in the expanded wedge at the top of the diagram. These examples, and other data types not listed (e.g., molecular, ichnological, phylogenetic, and many others), illustrate the cross-disciplinary nature of conservation paleobiology research. Modified from figure 1 in Dietl and Flessa (2011).







Did we succeed in our goals?

If we measure success by generating interest across the conservation paleobiology community and soliciting a variety of articles, then yes, we were successful. Furthermore, the 21 contributions to the Research Topic exhibited a wide breadth of what is possible within conservation paleobiology research. Researchers examined issues such as climate and land-use changes, monitoring biodiversity loss and environmental change, shifts in communities and trophic networks, the importance of climate refugia and understanding past migrations, and the effects of resource harvesting. Our contributors used a broad range of geohistorical data sources, including a variety of macro- and microfossils (e.g., mammals, birds, mollusks, corals, crustaceans, diatoms, pollen), isotopic analyses, sediment analyses, ecological indicators, biomarkers, and zooarchaeological records. The majority of the articles were focused on specific species and habitats, time scales reflecting the recent history of human-environmental interactions, and local spatial scales, which is not surprising because these foci are what to date have resonated most with resource managers (Dietl et al., 2015; Groff et al., 2023). The collection of articles demonstrates that conservation paleobiology is an agile and flexible research field.

We failed, however, at our goal for this Research Topic of bringing the conservation paleobiology and conservation practitioner communities together and bridging the research-implementation gap by highlighting success stories of the direct application of geohistorical knowledge. With only a few exceptions, articles were firmly grounded in the potential applications of conservation paleobiology to resource management without direct ties to resource management and conservation outcomes. The lack of direct application is by no means the fault of the contributing authors but is rather a reflection of the overwhelmingly academic state of the field. The level of co-authorship with resource managers and decision-makers that we had envisioned for the Research Topic guidelines does not yet exist.

Several authors of articles in the Research Topic are either employees of, or heavily affiliated with, special-interest conservation groups or governmental conservation efforts, indicating that some researchers do indeed hold these crucial ties to resource management. This raises the question, why were these linkages not highlighted? The answer may arise from the central goal of an academic paper itself: to report on the results of research directed primarily to academic peers and a wider academic readership. Thus, the connections to resource management and decision-making were not highlighted as we had envisioned.

The question we cannot answer is whether we have met our goal of reaching the targeted practitioner community. Time will tell if these articles have an impact across the restoration and conservation community. However, from the outset, we could not directly reach the broader conservation research and management community because our Research Topic was rejected for cross-posting in the Frontiers in Ecology and Evolution: Conservation and Restoration Ecology section and the Paleoecology section. Consequently, from the initial announcement of our Research Topic, we primarily were reaching only the geohistorical half of our intended audience.





Is our failure a sign of deficiencies in conservation paleobiology?

No. We fervently believe in the value of conservation paleobiology and the role the field could play in restoration and conservation. The failure is not in the science, but in the current collective inability to relay this knowledge to the broader conservation community and to realize the cross-disciplinary collaborations needed to meet the needs and concerns of resource managers and decision makers (Figure 1). Perceptions of failure can be illogical, particularly if we assume we have more control over outcomes than we actually do. For example, rejection of the Research Topic for cross-posting in Conservation and Restoration Ecology is different than failure – it was out of our control.

Also out of our control is the reality of short-term political and funding cycles. Restoration and conservation efforts have decadal impacts and need long-term funding to be effective. However, it is often difficult for resource managers to obtain support for any efforts that do not fall within election and budget cycles and that do not align with current priorities. This failure applies to any resource management research, but it is magnified when geohistorical data are introduced. Given their funding limitations and priorities, resource managers are often hesitant to try what they consider new and untested methods. It is not a failure then that most conservation paleobiology research has not yet moved from potential to implementation. Rather, failure emphasizes an opportunity for growth and the need for conservation paleobiology researchers and especially present and future students to be mindful of having to do things differently.

Our failure at achieving our Research Topic goal of bridging the research-implementation gap is not surprising. Groff et al. (2023) found that only about 10% of 444 conservation paleobiology publications cited specific conservation impacts. Half of those studies with conservation impacts had coauthors with direct affiliations to conservation organizations, illustrating the importance of working collaboratively to achieve implementation. This problem is not unique to conservation paleobiology, but also persists among other conservation related sciences (Dillon et al., 2022; Dietl et al., 2023; Groff et al., 2023). In addition, a consensus has not been reached among conservation paleobiologists as to how applied versus academic the field should be, with many conservation paleobiologists not viewing implementation as a prerequisite for the field (Dillon et al., 2022). This lack of consensus suggests that our request for submitted articles to demonstrate applied conservation paleobiology was most likely broadly interpreted by researchers working in conservation paleobiology.

Another failure was the low number of conservation practitioner authors on Research Topic articles, but this should be tempered by the fact that author lists and affiliations may not be accurate indicators of collaboration and co-production. Over half of the authors of conservation paleobiology studies that Groff et al. (2023) surveyed indicated that their research was co-designed with practitioners and/or their results considered by resource managers, despite the absence of practitioners on the author lists. Perhaps undocumented collaborations occurred in the production of articles for this Research Topic and may have occurred through other media, such as internal reports, direct delivery of data, etc. Furthermore, among some global private and governmental organizations, scientific publication is of less importance than evidence of application. Therefore, publication is not encouraged or may even be suppressed, especially if financial constraints or confidentiality of results are involved. Additionally, application of results often lags publication by several years (Groff et al., 2023), so the potential impact of these Research Topic articles may emerge in future years.





Failing forward: what can we learn from failure?

Failing forward means learning from setbacks, taking responsibility, and understanding that failure is part of the process of moving forward toward progress (Maxwell, 2000). It also means keeping the big picture in mind. The diverse range of articles in this Research Topic demonstrates the potential of conservation paleobiology and the depth and breadth of geohistorical data that the field can access. The failure in achieving our initial goals for this Research Topic is an opportunity for growth within the field. It is a chance to reflect on the way we practice our science. While we acknowledge the value of pure conservation paleobiology research, we agree with the 61% (n=54) of conservation paleobiologists who responded to a recent survey of the community that conservation paleobiology is an applied field (Dillon et al., 2022) and that striving toward co-production of knowledge will increase the use of geohistorical data in conservation practice (Dietl et al., 2023). So, what does the conservation paleobiology community need to do? The following are our suggestions, based on our own experiences and an assessment of the outcomes of our Research Topic (Figure 2).




Figure 2 | Actions conservation paleobiologists can take to advance the co-production of knowledge between conservation paleobiologists and stakeholders (scientists, resource managers, decision-makers, and communities). Three actions (shades of green) are outward-looking strategies that relate to how conservation paleobiologists interact with stakeholders beyond their field and one action (yellow) is an inward-looking strategy that concerns the geohistorical data conservation paleobiologists provide to stakeholders. By broadening our scope (e.g., social networks) as individuals, seeking out opportunities to engage and collaborate with stakeholders, and addressing mismatches in data, conservation paleobiologists can co-produce geohistorical data and insights that meet stakeholder needs and concerns. These actions do not have to occur in any specific order, but together work toward fostering productive, longer-lasting, and trusting relationships between conservation paleobiologists and stakeholders.






Engage

If the collective goal is to apply our knowledge to specific conservation and restoration issues, then the biggest challenge for conservation paleobiologists is to do a better job of engaging with the conservation and restoration community of practice. We need to change the way we develop research projects so that we work with and seek input from practitioners at the outset (Wingard et al., 2017; Dietl et al., 2023). Prior to any discussions with resource managers, we need to do our homework and identify places and systems where resource conservation is needed, planned, or underway and ask ourselves what gaps our research could fill. Then, review resource management plans as available, attend public meetings, and learn the background behind management needs, perspectives, and constraints through historical documents, government reports, surveys, and prior studies. When we meet with managers and officials, we should ask questions – what are their management goals and information gaps, and how could information from the past benefit their decision-making process? And we need to be willing to listen to their answers and develop research goals collaboratively.





Collaborate

Once a research effort is initiated in an area, resource managers for that system should be considered partners and collaborators in the effort and kept informed with updates and progress reports. Parks, refuges, and other resource management units often have onsite or affiliated ecologists and biologists. Working collaboratively with these scientists could build relationships and enhance cross-disciplinary exchange of information. As part of the collaborative process, we should be open to adjusting research directions if resource managers pose new questions with the goal of keeping our research relevant to management needs and questions. Adaptive management is a critical component of resource management guidelines (Williams and Brown, 2012), so mirroring this management style in conservation paleobiology research efforts can help improve the relevance of our results and contribute to co-production of knowledge.





Broaden scope

We recommend that conservation paleobiologists broaden our networks and the scope of our social interactions. Frequently, interactions occur only within the geohistorical community – organizing sessions and giving talks and posters at geology and paleontology conferences or guest lectures at geology departments. Participation in conferences that draw resource managers, ecologists, and conservation biologists (for example, the International Congress for Conservation Biology, or the National Conference on Ecosystem Restoration) would be a start towards broader awareness and understanding of conservation paleobiology. Such meetings could allow us to forge new collaborations and build toward co-production of solutions. This will be a slow process, but the hope is that we can gradually build interest and attract a broader audience outside of the geohistorical community by capturing the attention of those who need our research. The key is to be a continued and persistent presence and a voice at relevant conferences and resource management meetings.





Address mismatches

Mismatches make it more difficult for researchers and practitioners to align their work. The largest mismatch conservation paleobiologists face is the timescale of our data. While geohistorical records from the familiar past — the last several decades, centuries, and millennia — are beginning to resonate with resource managers (Smith et al., 2018; Groff et al., 2023), the longer timescales of the distant past remain underutilized despite their great potential for assessing responses to environmental changes outside human influences (Dietl et al., 2015; Tyler and Schneider, 2018). Communicating the value of this longer time perspective to resource managers and reporting data in formats that are compatible with conservation practice (Dillon et al., 2022) could cultivate and strengthen the relevance of geohistorical data on these longer timescales to conservation practitioners.

The taxonomic focus of a significant amount of conservation paleobiology research is not aligned with concerns about threatened and endangered species and their habitats (Dillon et al., 2022). Thus, selection of different focal taxa for paleontological investigation might increase the relevance of fossil data. However, geohistorical information from proxies often provides data on environmental change that translates to improved understanding of the stressors on threatened and endangered taxa and overall biodiversity, which is valuable information for restoration efforts. Emphasizing ecological function in conservation paleobiology research instead of specific taxa could increase the utility of geohistorical records (Dillon et al., 2022), and this is best achieved by combining data from the various proxies and tools available to conservation paleobiologists.

Another issue is a mismatch between the research protocols and tools used by resource managers to monitor species populations and habitats and those used by conservation paleobiologists (Smith et al., 2022). For example, modern ecologists have proposed “essential biodiversity variables” to form a consistent basis for monitoring biodiversity change worldwide (Pereira et al., 2013). A subset of these metrics could be used to estimate paleo-biodiversity and provide resource managers with the ability to directly translate information on past changes in species, habitats, and ecosystems into the information needed to derive conservation management plans under future climate conditions (Fordham et al., 2023). By incorporating geohistorical data into the research protocols and tools already familiar to conservation practitioners, we can enhance the relevance of geohistorical data (Dietl et al., 2023).

Seeking out opportunities to engage and collaborate with conservation practitioners, broadening the scope of interactions with the conservation community, and addressing mismatches between geohistorical data and management needs are just a few of the ways we can learn from our setbacks and fail forward toward bridging the research-implementation gap.






Where do we go from here?

Conservation paleobiologists have much to be optimistic about. We have seen significant growth in recent years of researchers identifying their work as conservation paleobiology and of publications focused on conservation paleobiology (Tyler and Schneider, 2018; Dillon et al., 2022). The Conservation Paleobiology Network (https://conservationpaleorcn.org/) was formed in 2019 as a community of practice and now includes members from around the world. Several bright spots where conservation paleobiology research has been utilized by resource managers demonstrate that the research-implementation gap can be bridged (Wingard et al., 2017; Dietl et al., 2023; Groff et al., 2023). Fortunately, the field is skewed toward early career professionals who are enthusiastic about the potential applications of conservation paleobiology (Dillon et al., 2022). Their enthusiasm is promising and suggests future growth of our field and increased efforts to establish successful conservation collaborations is likely. Also, there are a growing number of university departments that are focused on cross-disciplinary conservation research and that are incorporating conservation paleobiology in the curriculum (Kelley et al., 2018; Dillon et al., 2022). Cross-disciplinary departments are more likely to be able to train and prepare the next generation of researchers with the relevant skills and competencies (Kelley and Dietl, 2022) to work with practitioners to accomplish restoration and conservation goals.

Failure is a great teacher if we are willing to be students; in this case, the failure was to achieve our goals as editors of this Research Topic. Part of failing forward is to persevere, so collectively we, as conservation paleobiologists, need to seek new and better ways to engage and collaborate with conservation practitioners, broaden the scope of our interactions with the conservation community, and address mismatches to utilize geohistorical information in solving conservation problems (Figure 2). Many attempts to experiment with these strategies will inevitably fall short simply because failure in life is far more common than success — some attempts will succeed. A high priority therefore is finding new and innovative ways to replace the current gap between research and practice in conservation paleobiology with a bridge (desired reality) that fosters new connections and synergies between communities and shares the vast knowledge of Earth’s past with the people who make decisions. Otherwise, we risk looking down at the gap that currently stands between research and implementation in conservation paleobiology only to realize that there is nothing beneath our feet to cross it. Such a bridge will be built by conservation paleobiologists and conservation practitioners who are open to building on their setbacks and using them as stepping-stones for success.
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Facies Most common taxon Rank Secondary taxon Rank Othertaxon* Rank Comments

Sawgrass peat-marl Littoridinops monoroensis k5 Physella cubensis 1 Biomphalaria havanensis 1
Planorbella scalaris 1
Cylindrella spp 1
Laevapex peninsulae 1
Pomacea paludosa 1
Polygyra sp. 1 Terrestrial
Periphyton-spike rush Littoridinops monoroensis 1.5 Physella cubensis 1 Biomphalaria havanensis 1
Planorbella scalaris 1
Cylindrella spp. 1
Mangrove peat-marl Littoridinops monoroensis 1.5 Cyrenoida floridana 4 Physella cubensis 1
Biomphalaria havanensis 1
Pyrogophorus platyrachis 2.5
Mangrove peat Littorina angulifera 4 Melampus coffeus 4 Aboreal, poorly
preserved
Melanoides tuberculata 255 Exotic

Cerithidea beattyi 3
Batillaria minima 4

Marine mud Alvania sp. 5 Caecum pulchellum 5 Rissoina catesbyana 5 None common
Meioceras nitidum 5
Retusa sulcate 5

1, freshwater species; 1.5, freshwater species with tolerance for low salinity; 2, brackish water species; 2.5, brackish water species that tolerate marine conditions; 3, restricted marine species with
toleration of lower salinities; 4, marine species with a tolerance for low salinity; and 5, marine species. *Only taxa reported from more than one site.
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Landscape

Dominant Secondary Sediment Textural Bulk SI” SOC” C (g/
feature taxon type density (g cm?) m?/yr)
1 Sawgrass Cladium Periphyton Sawgrass Vertical carbon 0.8807 <15 0.0605 134.336
marsh jamaicense (cyanobacteria peat-marl films,
(sawgrass) and diatoms) Horizontal
rhizomes
2a Spike rush Periphyton Eleocharis White Gastropods, 0.5823 <15 0.0222 23.784
prairie (cyanobacteria cellulosa (spike mar] Sponge spicules
and diatoms) rush)
2b Eleocharis Tan marl Fine vertical 0.5588 <15 0.0330 44.123
cellulosa, carbon films,
Rhizophora Gastropods,
mangle (red Sponge spicules
mangrove)
2¢ Eleocharis Black marl Dense, 0.4098 <15 0.0590 79.173
cellulosa, Mottled,
Cladium Gastropods,
jamaicense Sponge spicules
3 Mangrove scrub Rhizophora Periphyton Mangrove peat- Few leaves, fine 0.6602 >1.5 0.0522 129.251
mangle (red marl network of
mangrove) rootlets,
marsh clam
4 Mangrove fringe Rhizophora Other mangrove Mangrove peat Cable roots and 0.2329 >1.5 0.0722 219.058
mangle species voids, rootlet
mass
5 Marine mud Thalassia Algae Marine mud Bioturbated, 0.8259 <1.5 0.0250
testudinum skeletal material
(seagrass)

26.677
Only found in subsurface. ns, not sampled. * (modified from Meeder et al., 2017), NA, not addressed in this study.
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Core Facies SAR R? N Yrs cm™! Date Laboratory

NUJB Sawgrass peat-marl 2.1 0.933 1995 LSU
EPIR Sawgrass peat-marl 23 0.822 1995 LSU
TA2.2 Sawgrass peat-marl 22 = 2015 FIU
Mean 2.2 3 4.5
CTP Tan marl 1.4 0.924 1995 LSU
UJB Tan marl 1.6 0.899 1995 LSU
LHC Tan marl 1.4 0.909 1995 LSU
EP10R Tan marl 12 - 2015 FIU
TA2.4 Tan marl 1.6 - 2015 FIU
Mean 14 5 7.1
LJB ‘White marl 1.0 0.887 1995 LSU
TA2.6 White marl 0.47 = 2015 FIU
EVERI1 ‘White marl 0.53 - 2015 FIU
TA3.4 White marl 0.96 = 2015 FIU
TA5.5 ‘White marl 1.0 E 2015 FIU
Mean 0.8 5 12.5
CJB Mangrove peat-marl 3.1 0.855 1995 LSU
CHC Mangrove peat-marl 32 0.940 1995 LSU
Mean 3.2 2 3.1

SAR, sediment accumulation rate.
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Sample ID Lab ID Fraction modern Fraction modern error Calibrated age (cal AD) Error (years)

ML:B 32-33 05-163981 1.0544 0.0020 2008 3
ML:B 59-60 05-153068 1.0956 0.0021 1999 1
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Scarred/unscarred models [family = binomial (link = logit)]

Model

Null
Full (Time + Size + Region)

Number of scars models [family = Poisson (link - log)]

Null
Full (Time + Size + Region)

AIC

1972.0
1944.1

24251
2393.8

BIC

1983.0
1971.2

24631
2421.5

logLik Resid. Df Resid. Dev Chisq Chi DF Pr(>Chi)
—984.0 1,863 1968.0
—967.0 1,934 1860.0 33.864 3 <0.0001
Random effects Name Variance Std. Dev
Lot/Locality (Intercept) 0.1606 0.4008
Fixed effects Estimate Std. Error z value Pr (>] z|)
Intercept —3.5120 0.4291 —8.1870 <0.0001
Modemn vs. Pleistocene 0.7424 0.2288 3.2450 0.0012
Width 0.0942 0.0183 5.1380 <0.0001
Region 0.1155 0.2246 0.5140 0.6073
—1210.5 1,863 24211
—-1191.9 1,860 2383.8 37.248 3 <0.0001
Random effects Name Variance Std. Dev
Lot/Locality (Intercept) 0.1205 0.3471
Fixed effects Estimate Std. Error z value Pr(>] z|)
Intercept —3.2625 0.3409 —9.5660 <0.0001
Modemn vs. Pleistocene 0.5724 0.1899 3.0140 0.0026
Width 0.0769 0.0142 5.4210 <0.0001
Region 0.2225 0.1849 1.2030 0.2289

Mixed models were of the presence/absence of a scar (binomial family, link = logit, scarred = 1, unscarred = 0), and the number of scars (Poisson family for count data,
link = log). Fixed effects = time (modern vs. Pleistocene), size (gastropod width), and region (Palos Verdes vs. San Diego areas). Random effect = lot/locality. Performance
of the models for each dependent variable (unscarred/scarred or number of scars) was compared using log-likelihood ratio tests of a null (intercept and random effects
only) vs. full model including all fixed effects (time, size, and region). Significance of the fixed effects was assessed using Wald Z-test scores. Values in bold are statistically

significant.
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Pleistocene Modern Distance (mm)

Width (mm) SAA (mm) Width (mm) SAA (mm) Pleistocene Modern
Minimum (5th percentile) 10.68 8.90 17.42 12.90 1.78 482
Q1 15.87 13.90 19.16 17.27 1.98 1.89
Median (Q2) 19.16 17.47 20.74 19.28 1.69 1.46
Mean 18.62 16.70 21.16 19.18 1.92 1.99
Q3 21.83 19.66 22.91 21.51 2.18 1.40
Maximum (95th percentile) 24.70 23.14 26.41 24.93 1.56 1.48
IQR 5.96 5.76 3.75 4.24 0.20 0.49

Fisher’s exact test p-value = 0.7903

For each of the four distributions (Pleistocene body width, Pleistocene SAA, modern width, modern SAA), the minimum (5th percentile), maximum (95th percentile), mean,
quartiles 1, 2 (median), and 3, as well as the interquartile range (IQR) were calculated (mm). The relationship between the body size and SAA distributions was then
calculated as the distance (mm) between each of these measurements. To determine if there were any significant shifts in the relative position of the distributions of body
size and SAA curves in the modern compared to the Pleistocene, we ran a Fisher’s exact test comparing these distance measurements.
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Width (average) SAA (average) Scars/no scars Number of scars Sample size % scarred % all scars

Modern 21.16 mm 19.17 mm 231 278 1,152 20.05% 23.87%
Pleistocene 18.62 mm 16.70 mm 199 239 712 27.95% 33.57%
W 540,639 41,911 378,416 378,261
p <0.0001 <0.0001 <0.0001 <0.0001

Percentages of scars were calculated as (1) percentage of gastropods that were scarred vs. unscarred (% Scarred), and (2) percentage of all the scars present, including
all scars from individual gastropods that had more than one scar (% All scars). These are sometimes referred to as RF1 and RF» (RF = “repair frequency’) (e.g., Table 1 of
Molinaro et al., 2014). Values in bold are statistically significant.
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Comparison

Wakulla and Silver/Ocklawaha within river live to live similarity

Wakulla and Silver/Ocklawaha within river fossil to fossil similarity

Wakulla River live to fossil similarity

Silver/Ocklawaha River live to fossil similarity

Wakulla and Silver/Ocklawaha within river live to Wakulla and Silver/Ocklawaha between river live
Wakulla and Silver/Ocklawaha within river fossil to Wakulla and Silver/Ocklawaha between river fossil
Wakulla and Silver/Ocklawaha between river fossil to Wakulla and Silver/Ocklawaha between river live

*p < 0.05.

p-value

0.736
< 0.0001*
< 0.0001*
0.6554
< 0.0001*
< 0.0001*
< 0.0001*
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Site name River system Latitude Longitude Sample types collected

S1 Silver 29.216081° —82.052908° Live

82 Silver 29.215497° —82.049989° Fossil, Live
S3 Silver 29.212781° —82.036519° Live

S4 Silver 29.205769° —82.029869° Fossil, Live
S5 Silver 29.201492° —82.020708° Fossil

S6 Silver 29.203211° —82.016700° Fossil, Live
S7 Silver 29.202050° —82.007550° Fossil, Live
S8 Silver 29.209531° —81.993578° Live

O1 Ocklawaha 29.213119° —81.987561° Fossil, Live
02 Ocklawaha 29.217000° —81.986150° Fossil, Live
03 Ocklawaha 29.221622° —81.986417° Live

04 Ocklawaha 29.224772° —81.982617° Fossil, Live
05 Ocklawaha 29.228000° —81.977919° Fossil, Live
06 Ocklawaha 29.227250° —81.977581° Fossil, Live
W1 Wakulla 30.235101° —84.302516° Fossil, Live
W2 Wakulla 30.236621° —84.298099° Fossil, Live
W3 Wakulla 30.23402° —84.293837° Fossil, Live
W4 Wakulla B0.233321¢ —84.289278° Fossil, Live
W5 Wakulla 30.225686° —84.275377° Live

W6 Wakulla 30.21805° —84.264415° Fossil, Live
W7 Wakulla 30.215557° —84.263142° Fossil, Live
w8 Wakulla 30.209782° —84.260475° Fossil, Live
W9 Wakulla 30.201076° —84.26333° Fossil, Live
W10 Wakulla 30.180287° —84.248279° Fossil, Live

W11 Wakulla 30.176231° —84.24181° Fossil, Live
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Taxa

Fluminicola dalli

Ancylidae

Elimia
floridensis
Lioplax pilsbryi

Notogillia
wetherbyi

Physella
hendersoni

Physella sp.

Pisidium sp.

Planorbella
duryi
Planorbella
trivolvis
Pomacea
paludosa
Tryonia
aequicostata
Unionidae

Callinina
georgiana
Corbicula
fluminea

Tarebia
granifera

Melanoides
tuberculata

Vitta usnea

Taxa
categories

Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Native,
freshwater
Introduced,
freshwater
Introduced,
brackish-
tolerant
Introduced,
brackish-
tolerant
Native,
brackish-
tolerant

This study This study Literature
Fossil Live Fossil Live
Wakulla Silver/ Wakulla Silver/ Florida Wakulla Wakulla- Silver/ Silver/
Ocklawaha Ocklawaha regional Ocklawaha Ocklawaha-
regional
+ ++ — - present NA present present present
— = - - NA NA NA NA NA
+ -+ o + ++ +++ present present present present present
++ + — — NA absent  present- select  absent absent
rivers
+ ++ +++ - + NA NA NA NA present
++ ++ — - present present™* present NA present
- + — - present NA NA NA NA
+ + — - present NA NA NA NA
+ ++ +++ + — present NA present NA present
+ ++ — + present NA present NA present
++ ++ + ++ present present™** present present present
+ ++ — — present absent absent absent present
= 4 + +4+ + present present present present present
++ ++ — ++ present NA present NA present
_ - ++ +++ absent present present present present
— — — + absent NA absent NA present
= = i + absent NA present NA present
s = o — present* NA present NA NA

Abundances of species in this study are represented as (1) - absent, (2) + < 1%, (3) + + 1-10%, or (4) + + + > 10%. Local and regional literature reviews document
the taxa as present, absent, or NA (data not available) with additional information presented where appropriate. *Present as Neretina usnea, **Documented as present in
a 1956 survey, ***Extirpated from the Wakulla River in the 1990s and anthropogenically reintroduced in the 2000s and 20170s.
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Sample ID  Sample origin Weight Cal. 68% Cal. 95%

in this Q) distribution  distribution

study?
Mount Owen  XI17/13/02 Yes This study WK49,616 | 159425 0.06 1,692AD L680AD
Cave ~1,924AD ~1802AD
Mount Owen | X17/13/54/01 Yes This study WK49.617 | 114£25 021 1710AD 1L69AD
Cave ~1,925AD ~1810AD
Mount Owen  X17/13/45 Yes This study UCIAMS 150£15 o1 1698 AD 1692AD
Cave 190309 ~1,924AD ~1,918AD
Mount Owen  XI17/13/33 Yes This study UCIAMS 120415 018 1814AD 1700AD
Cave 190308 ~1,924AD ~1,944AD
Mount Owen | XI7/13/21 Yes This study UCIAMS | 29015 026 1640AD 1518AD
Cave 190307 ~1,660AD ~1,792AD
Euphrates X17/14/03 Yes This study 1A UCIAMS | 86515 [ 1210AD LIS3AD
Cave 190310 ~1,265AD ~1,270AD
Euphrates X17/14/04 Yes This study 1B UCIAMS  830£15 013 1227AD 1220AD
Cave 190311 ~1,270AD ~1,276 AD
Euphrates X17/14/06 Yes “This study IE UCIAMS | 760%15 013 1277AD 1270AD
Cave 190312 ~12924D ~1380AD
Euphrates X17/14/07 Yes “This study 16 UCIAMS | 805420 o 1,228AD 1224AD
Cave 190313 ~1280AD ~1,284AD
Honeycomb X10/7/12 Yes Unpublished |~ His and WK28329 | 172430 1680AD 1672AD
Hill LTEL data Hers Cave ~1,924AD ~1,796 AD
Honeycomb  X10/7/LC46 Yes Unpublished  His and Wk28330 192230 1671AD 1,666 AD
Hill LTEL data Hers Cave ~1940AD ~1922AD
Honeycomb X10/7/03 Yes “This study MoaCave  UCIAMS 97015 018 1047AD 1038AD
Hill 190306 ~1LI56AD ~L176 AD
Honeycomb | X10/7/LC47 No Woodetal | MoaCave | Wk29443 | 1020£25 1024AD 1020AD
Hill (2012a.0) ~1LI36AD ~LI52AD
Honeycomb X10/7/01 Yes “This study MoaCave | UCIAMS  1610£20 0.26 436AD -53AD | 422AD ~570AD
Hill Extension | 190304
Honeycomb X10/7/07 Yes Unpublished  MoaCave | Wk28332  1,260+30 784AD ~§76AD  688AD ~890AD
Hill LTEL data Extension
Honeycomb X10/7/02 Yes “This study Near A UCIAMS  810£15 033 1229AD 1226AD
Hill entrance | 190305 ~1,278 AD ~1280AD
Honeycomb X10/7/04 Yes Unpublished  Near A Wk28333 | 807230 1228AD 1218AD
Hill LTEL data entrance ~1280AD ~1289AD
Honeycomb X10/7/10 Yes Unpublished | Near A WK28334 | 853£30 1214AD LI82AD
Hill LTEL data entrance ~1.270AD ~1.277AD
Magnesite X10/3/MG003, No Unpublished Wk28337 | 177430 1L676AD 1670AD
Quarry LTEL data ~1924AD ~1918AD
Magnesite X10/3/MGO01 No Unpublished Wk28335 | 259+30 1646 AD 1630AD
Quarry LTEL data ~1798 AD ~1806 AD
Magnesite X10/3/MG002 No Unpublished WK28336  1,09+30 909AD ~1,024AD  896AD 1,030 AD
Quarry LTEL data
Takahe Valley  X18/153/05 Yes This study WK49,619 | 108425 016 1710AD LE9SAD

~1,925AD ~1810AD

Calibrated (Cal.) dates shown (calibrated using SHCal20 calibration curve in OxCal).
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Site na Elevation Ecology References Sample

Institution
Euphratescave | EC Ancient Approx. 1,100m  Montane silver Rowe etal. (1994), This study 706171717
beech forest, Wood (2010), and
subalpine Wood etal. (2012)
shrubland/
grassland
Gibraltarrock ~ GR Ancient 240m Semi-arid Wood (2006) AM No samples
woodland amplified
Hodges creek HC Ancient Approx. 915m Upland silver/ Worthy (1997)and | This study 27/24123/21/26
mountainbeech | Horrocks et al. (2008)
forest
Honeycomb hill  HH Ancient 300m Mixed beech/ Worthy (1993), LTEL 13/8/10/713
ave podocarp- Horrocks et al. (2008),
broadleaf forest  Wood (2010), and,
broadleaf forest  Wood et al. (2012b)
Holeinthe clif  HitC Ancient Approx. 100m Mixed beech/ Horrocks etal. (2008) | This study 6/3/415/6
ave podocarp-

broadleaf forest

broadleaf forest

“Mount Cook™ MC Ancient ? Montane beech ™M 6/5/5/4/6
(unlocated site) forest?
“Mount Owen MO Ancient Approx. 1,100m Montane silver Wood and Wilmshurst | This study 16/15/13/14/16
Cave” (unnamed beech forest, (2014)
cave near Mt. subalpine
Owen) shrubland/

grassland
Magnesite MQ Ancient 1,000m Montane LTEL 31/30/27/31/31
Quarry ‘mountain beech

forest/subalpine

Sawers' SR Ancient 140m Semi-arid Wood and Wilmshurst | AM No samples
Rockshelter woodland/ (2014) and Boast amplified
shrubland (2016)
‘Takahé Valley ™ Ancient 900m Montane silver Duff (1952) and ™ 5/4/4/4/5
beech forest / Horrocks et al. (2004,
subalpine 2008)
Fiordland Fi Historic ‘Approx. 600~ Montane silver Atkinson and Merton DoC 713/6/5/0
(Milford Sound 1,000m (areas beech forest, (2006) and Butler
catchment) nhabited) subalpine (2006)
shrubland /
grassland
StewartIslnd /| SI Historic 0-750m Primarily mixed | Best (1954) and DoC 2/11115/10/0
Rakiura (Tin low scrub and Wilson et al. (2006)
Ranges) forest, with a

component of

podocarps (incl.

rimu)
AnchorIsland/ Al Modern 0-272m Primarily mixed DoC 14/11/6/6/0
Pukenui beech / podocarp-

broadleaf forest

Hauturu / Little Ha Modern 0-722m Primarily Trewick (1996) DoC 22/10/18/13/0
Barrier Island podocarp-kauri-

broadleaf forest

Maud Island Ml Modern 0-368m Regenerating Walsh etal. (2006) DoC 5/4/5/5/0

forest (at time of

collection)
Whenua Hou/  WH Modern 0-330m Primarily rimu- | Wilson etal. (2006) | DoC 2716/16/15/0
Codfish Island dominant

podocarp-

broadleaf forest

References represent ste or sample descriptions (ancient sites) or for reviens of local diet species (historic/modern sites). Samples counts are lsted as following: total number of samples/
amplified for 18s/amplified for trnl/amplified for rbel.Icounted for palynomorphs (for ancient only). Sample institutions: DoC (Department of Conservation, Kakapo recovery group
collections, Invercargill), CM (Canterbury Museu), AM (Central Stories Museum and Art Gallery, Alexandra), LTEL (Long-Term Ecology Laboratory, Manaaki Whenua Landcare Research,
Lincoln)
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Stage

Modern
Aptian
Bathonian
Carnian

Anisian

Full report of main effects posteriod di

0.65
052
075
049
055

95% CI

0.63-0.68
0.47-0.57
070-0.79
0.42-0.55
051-0.59

s can be found in Supplementary Table 3.
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Network parameter

No. of species
No. of guilds

No. of functional groups
No. of interactions

Connectance

ink density

Anisian

1,185
105
56
1,009
0.09
9.61

Carnian

1,708
103
54
999
0.10
9.69

Bathonian

1,363
17
56
995
0.07
8.50

Aptian

1,457
105
46
924
0.08
872
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Year (cal. year) 1630-1800
Depth in core (cm) 166-112
Lake phase Stable Lake
Subzones 1a
Inferred transparency Clear
Mean Secchi depth (m) 8.60
Dominant diatom assemblage type Tychoplanktonic

Percent relative abundance

Mean Flux rate carbon (mg/em’ year) 1011
Mean flux rate nitrogen (mg/cm’ year) 073

Mean flux rate phosphorus (mg/em’ year) 0.0053
Land modifications and climate events Insufficient historical

information

1800-1900
111-76

Lake Acidification

b
Clear
8.89

Tychoplanktonic

10.29
072
0.0052

1850s: Settlers moved to Lake
Placid and resettled after the
third Seminole war in 18705
and 1880s.

~1908: Highland County
locals petitioned Congress to
remove the lands from the
reservation and opened to

homesteading

1906-1938
75-63

Land Modification

2
Clear
830

Tychoplanktonic

1103
076
00054

1917: Railroad
constructed adjacent to
lake and ditches dug in
watershed.

1922: State Route 70 was
constructed north of lake.
1927: Powerlines were
installed.

1930: Two Roebling
ditches were dredged

1940-1968
62-45

Post Local Land
Modification

2b

Clear

7.53
“Tychoplanktonic

1141

083

0.0066

1968: St Regis paper plant
(later Georgia Pacific) and
Consolidated Citrus
packing plant in 1969
possibly altering drainage
and atmospheric deposits
to Lake Annie.

1969: Tropical Storm Jenny

(October)

1970-2004
44-21

‘Transitional Phase from

Clear to Dark

3
Clear - Dark
524

Planktonic

9.86
077
0.0066

2004: Hurricanes Charley,
Frances and Jeanne

(August-September)

2006-2019
21-1

Dark Phase

3b
Dark
266

Planktonic

1544
121
0.0097

2005: Hurricane Wilma
(October).

2008: Tropical Storm Fay
(August)
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Station ID Station name Water depth % Fines Latitude Longitude

(meters) (clay + silt)
03 Strait of Georgia 227 76.0 48.87025 —122.9784
04 Bellingham Bay 26 96.2 48.68397 —122.5382
13 North Hood Canal 28 15.3 47.83758 —122.6290
21 Port Gardner 25 56.6 47.98547 —122.2428
29 Shilshole 200 82.6 47.70075 —122.4540
34 Sinclair Inlet 13 85.2 47.54708 —122.6621
38 Point Pully 201 955 47.42833 —122.3936
40 Thea Foss Waterway 10 33.1 47.26130 —122.4373
44 East Anderson Island 21 11.9 47.16133 —122.6736

49 Inner Budd Inlet 7 76.8 47.07997 —122.9135
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Term

Surrogacy
1. Sufficiency

A. Numerical sufficiency

B. Taxonomic sufficiency

1I. Subsetting
A. Numerical Subsetting

B. Taxonomic Subsetting

After Kokesh et al. (2022).

Definition

Reducing the effort required to assess a biota, via surveys and monitoring
Coarsening the detail (resolution, acuity) of information

Coarsening the measure of abundance

(e.g., binary presence-absence or rank-abundance rather than taxon counts)

Coarsening the taxonomic units

(e.g., species-level data aggregated into higher Linnaean ranks or functional guilds)
Narrowing the scope or breadth of information

Narrowing the number of specimens assessed

(e.g., limit to the first 100 individuals processed)

Narrowing the taxonomic clades assessed

(e.g., limit to a selected clade or functional guild)
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Model

Historical
Historical
Modern
Modern
Modern

Perturbation:

Sea otter presence

Present
Absent
Absent/present
Present

Absent

Perturbation

SSWD
SSWD+MHW
SSWD

SSWD+MHW

Mean onset
time (yrs.)

7.5
59
6.25
7.35
6.45

SSWD, sea star wasting disease; MHW, marine heat wave.
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Index

Global endangerment(GE)

Ecological distinctiveness(EcoD)
Evolutionary distinctiveness(ED)

Functional diversity(FD)

Functional richness(FRic)

Functional uniqueness(FUn)
Functional specialisation(FSp)
Phylogenetic diversity(PD)

Weighted endemism per species(WE;)
Weighted endemism per site(WEgjt)

Description

Level of extinction risk. Used either as discrete categories, where increases in status represent a doubling of extinction risk
(LC=0,NT =1,VU =2,EN =3, CR = 4; [saac et al,, 2012) or as probabilities of extinction over time (e.g., CR = 0.97 in 50 years;
Mooers et al., 2008; Davis et al., 2018). See Figure 2.

Relative contribution of a species to the topology of a dendrogram built based on species’ ecological traits (Hidasi-Neto et al.,
2015).

Given a phylogeny, the length of each branch is divided by the number of species it subtends, with a species’ ED being equal to
the sum of the length of all branches from which it descended, to the root of the phylogeny (Isaac et al., 2007).

Distribution of species’ traits in a multidimensional space (Villéger et al., 2008).

Volume of the trait space occupied by a given assemblage or community relative to the full extent of the space (Mouillot et al.,
2013).

A species’ distance to its closest neighbours in trait space (Mouillot et al., 2013).

Distance of each species to the centre of the trait space (Mouillot et al., 2013).

Given a phylogeny, the sum of the lengths of all branches that span the members of a set of species (Faith, 1992).
One is divided by the area where a species occurs (Farooq et al., 2020).

Sum across all local species of the square root of the partial weighted endemism value (WE;) for each species (i) multiplied by its
probability of extinction (GE;) (Farooq et al., 2020).
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ANOSIM test R P-value

Resolution 0.02 0.131
Subset 0.74 <0.001
Transformation 0.08 0.003

Significant p-values are bolded.
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Metrics are the number of taxa (T), ratio of the number of taxa over the number of species

(T/S), abundance of taxa (N), ratio of the abundance of taxa over the abundance of the

whole fauna (N/W), and evenness, expressed as the probability of interspecific encounter

(PIE). N and N/W do not change based on taxonomic resolution, so they are printed only

once per set under the Species column.
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Specimen Lab number 85C %o (SD)  C:N (atomic) Median (Cal 95% CI (Cal

years BP) years BP)
UAMES 52867 UCIAMS 227596 ~186(0.1) 321 2,980 (20) 3157 (3,218,3,072)
UAMES 52866 LLNL 157847 ~19.10.1) 327 2490 (15) 2581 (2,714,2,494)
UAMES 52865 LLNL 158235 -186(0.1) 318 1,740 (20) 1629 (1,704,1,549)

3°C values are used in the correction of the AMS radiocarbon date due to isotopic fractionation of the antler bone. SD s the standard deviation. Carbon:Nitrogen (C:N) ratios are
provided for the collagen of each antlr. 'C age is the AMS date in radiocarbon years. Cal years BP is the calibrated calendar years Before Present. Both the median calibrated date and the
range ofits 95% Confidence Interval (CI) are provided. UAMES, University of Alaska Museum Earth Sciences Collection; UCIAMS, University of California Irvine Accelerator Mass
Spectrometry; CAMS, Center for Accelerator Mass Spectrometry (Lawrence Livermore Laboratories).
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Specimen River Shed Length Major Axis  Minor Axis Area Probability

Region Status (mm) (mm) (mm) (mm?)  Female (95%
(e)}
UAMES 52867 Katakturuk Shed 151 2059 1623 26246 93.20% (89.8,96.9%)  Female
UAMES 52866 Canning Not shed 149 1574 1422 175.79 94.50% (89.6,98.7%)  Female
UAMES 52865 Turner Shed 13 2161 1651 28022 92.30% (88.9,96.2%)  Female

River Region identifes the closest major river to the specimen. Shed Status identifies whether the antler is  shed or not (see Materials and methods). Length s the measurement of the
specimen along its long axis. Major and Minor Axes refer to the longest and shortest axis of the antler’ pedicle attachment surface. Probability Female is the mean probability (expressed
15 percentage) that the antler s female, as calculated in Mill 3,2021). Sex (female or male) is determined based on the probability that the antler is female. UAMES,
University of Alaska Museum Earth Sciences Collection.
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2019

2020

T
First Conservation Paleobiology Symposium

Conservation Paleobiology Network founded

| The Royal Society meeting: *The past is a foreign country:
how much can the fossil record actually inform conservation?”

The Royal Society meeting journal issue (Philos. Trans. R. Soc.)

2018

2017
2015
2013

2012

2011

2009

Crossing the Palaeontological-Ecological Gap journal issue
(Methods Ecol. Evol.)

First Crossing the Palaeontological-Ecological Gap meeting

CPB review paper (Bamosky et al., Science)

CPB review paper (Dietl et al., Annu. Rev. Earth Planet. Sci)

(Guerrero-Arenas and Jiménez-Hidalgo, Ciencia y Mar)

First CPB session at the Ecological Society of America
annual meeting

Paleontology in ecology and conservation edited volume (Louys)

Marine conservation paleobiology edited volume (Tyler and Schneider)

| First paper in Spanish that uses the term “conservation paleobiology”

2020 -

2015 -

CPB Workshop report: “Conservation paleobiology:
opportunities for the earth sciences”

CPB review paper (Dietl and Flessa, Trends Ecol. Evol)

First publication that uses the term “conservation paleobiology
in the title (Simées et al., Hist. Biol.)

CPB Workshop: “Conservation paleobiology in the coming decades”

2010

Proceedings from the Paleontological Society Short Course:

“Conservation paleobiology: using the past to manage for the future”

Paleontological Society Short Course at the Geological Society of

America annual meeting

2008

Research Experiences for Undergraduates in Biodiversity
Conservation (Kelley and Dietl, 2008-2010)

First CPB session at the Geological Society of America
annual meeting

First textbook that uses the term “conservation paleobiology”

2007 (Foote and Wiler, Principles of paleontology)
2005 First publication that uses the term “conservation paleobiology
(Cintra-Buenrostro et al., PALAIOS)
First CPB grant, National Science Foundation
2002 =
Naming of the field (Flessa, Am. Paleontol.)
Pre-2002 | Foundational research from allied disciplines y

4

2005 - |
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Category

Action

Criteria

Text includes evidence of
conservation, restoration, or

management implementation.

Example

“This study has supported Yorkshire Water, the local
water company whose reservoir is downstream of the
site, in developing peatland management initiatives at
the site... The ability to demonstrate that until the start
of the twentieth century Sphagnum played an
important role in the peatland at KMRC [Keighley
Moor Reservoir catchment] supports modern
initiatives to promote a return to a more diverse
mosaic of vegetation including greater Sphagnum
abundance. The work has provided a more grounded
“restoration target, based on knowledge of local
peatland development. Such restoration targets may
also help reduce levels of DOC entering water
treatment works....”

Notes

Yorkshire Water (the management
entity) adjusted restoration targets
for peatland management initiatives
based on this research.

Reference

Blundell and Holden,
2015

Theory-specific

Text does not report
conservation action but does
include targeted or specific
recommendations for
implementation.

“The presence of Dactylanthus pollen in an avian
coprolite raises the possibility that other fauna, in
addition to bats, may also be attracted to the nectar
resource and may once have been important
pollinators for the plant. If this can be verified
experimentally, there may be a basis for reintroducing
Dactylanthus to some of New Zealand’s predator-free
offshore islands. This management option was
proposed in a national recovery plan for the
species....”

The results of this study support the
specific management action of
reintroducing Dactylanthus to
predator-free offshore islands.
However, reintroduction is not
implemented within the paper, so
this is not an action study.

Wood etal,, 2012

Theory-general

Text does not report
conservation action; the
results of the study are
generally related to
conservation, restoration
and/or management actions,
but without targeted or
specific recommendations for
implementation.

“Common management practices today include
extensive, rather uniform reduction in tree density,
removal of understorey shrubs and small trees, and
other fuel modifications to lower fire severity. Our
reconstructions show that these common practices, if
widespread, will move most dry forests outside their
historical range of variability, rather than restore them,
probably with negative consequences for biological
diversity.”

This study demonstrates the
potential negative impacts of
current management practices.

The authors do not provide specific
recommendations for alternative
management actions, so this is not a
theory-specific study.

Williams and Baker,
2012
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Category Code

Publication year 2010 to 2020
Author affiliation Conservation, non-conservation, conservation + non-conservation Any combination
Taxonomic focus Invertebrate, other, plant, vertebrate Any combination
Vertebrate classification | Amphibia, Aves, Chondricthyes, Mammalia, Osteichthyes, other, Reptilia | Any combination
Invertebrate classification | Arthropoda, Cnidaria, Echinodermata, Mollusca, other, Porifera Any combination

Ecological focus

Assemblage, specific species/population, ecosystem

Assemblage of tree species
Named species of interest

Lake
Environment Freshwater, marine, terrestrial Any combination
Proxies used Biological, geochemical, lithological Any combination
Time scale Deep, near, both Deep: >2.58 mya; near: <2.58 mya

Holocene-only

No, yes
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