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Editorial on the Research Topic 


Coralline algae: Past, present, and future perspectives


Following the success of the Frontiers in Marine Science Research Topic on “Coralline Algae: Globally Distributed Ecosystem Engineers,” the Research Topic on “Coralline Algae: Past, Present and Future Perspectives” was launched to extend the opportunity for publishing further knowledge about these diverse ecosystem engineers across a broader time scale. In this Research Topic, an additional nine original research articles have been published, strengthening our understanding of coralline algae past, present, and future, including their biology, physiology and ecology. From reconstructing coralline algal assemblages during the Paleocene/Eocene thermal maximum, to understanding current trophodynamics and benthic-pelagic coupling in rhodolith beds, to assessing the adaptability of coralline algae to future warming, the original research articles in this Research Topic cover a time frame of 55.6 million years and span across an Atlantic biogeographical range from Brazil to the high Arctic. The wide biogeographical ranges and geological time scales covered in this Research Topic reflect the long evolutionary history and impressive distribution range of coralline algae as a group, and provide not only important insights about their past and present, but also about their potential adaptability to future warming conditions.

While calcification mechanisms in coralline algae have been widely studied, the onset of calcification during ontogenesis has remained elusive. Carvalho et al. fill a major knowledge gap in the biology of coralline algae, by investigating the initiation of calcification during development in Lithophyllum corallinae. Using a combination of optical, chemical and mechanical analytical tools the authors show that calcification commences after the third cell division (to eight cells), and that the interior cell walls are well calcified with magnesium calcite by the fourth cell division (to 16 cells). Their study is the first to assess nanomechanical properties of live coralline algae cells, and their work, combined with previous studies, draws a preliminary picture of the early stages of germinating spore development and the onset of calcification. Furthermore, the authors confirm the lack of calcification in the cell walls of the outermost part of the germinating spore, which they suggest facilitates the growth of the individual and indicates some level of control over the biomineralization process.

A surge of research in the past decades on the impact of ocean acidification and warming on coralline algae has shown that this group of organisms displays a wide range of responses to simulated climate change conditions. The mechanisms behind their responses have, until now, been poorly understood. The comprehensive study by Schubert et al. provides an in-depth evaluation of inter- and intra-specific differences in the photosynthetic and calcification mechanisms of Atlantic rhodolith species from different latitudes. The authors reported that calcification is a biologically-controlled process and strongly correlated to photosynthesis, but the strength of this correlation is species-specific. They conclude that there is no general pattern for all species, but rather high inter- and intra-specific variability in the mechanisms controlling photosynthesis and calcification that are driven by complex interactions between physiological and morphological traits (e.g. carbon concentrating mechanisms and branching morphology) and environmental conditions (e.g. light and temperature). These differences are likely to contribute to the wide range of responses to simulated climate change conditions that have been reported among coralline algae species.

The use of coralline algae as paleo-ecological proxies for reconstructing past climatic and environmental conditions in tropical, temperate and polar regions has received increasing attention in recent decades. Two studies in the current Research Topic address the use of coralline algae as proxies for sea ice reconstruction in the Arctic. Gould et al. report for the first time that Clathromorphum compactum continuously grows during the entire winter sea-ice season, and that approximately 25% of their annual growth occurs during this period, despite complete darkness under sea-ice cover. The implications of their study for sea-ice reconstruction are that anomalous sea-ice variability can still reliably be reconstructed using growth-band anomalies, but the sensitivity of the proxy likely varies geographically depending on the length and extent of the sea-ice season. The authors stress that a better understanding of the physiological processes supporting sustained growth during sea-ice cover is needed. Within the same context, Leclerc et al. conducted a study testing the utilization of tree-ring dating methods (dendrochronology) to improve sea-ice reconstruction using C. compactum, because previous studies had shown possible age model dating errors. The authors show that cross-dating techniques reduced dating errors and allowed for more precise climate reconstructions using C. compactum.

Research conducted on both the past and present of coralline algae biology can be projected to provide a glimpse of the expected future impacts of climate change on these organisms. Aguirre et al. reconstructed coralline algal assemblages in the south-central Pyrenees during the Paleocene/Eocene Thermal Maximum, ca. 55.6 Ma, when Earth experienced a warming event due to a massive release of CO2 and subsequent ocean acidification (estimated surface water pH 7.8-7.6). The authors report that there was a drastic reduction in coralline algae abundance due to drastic changes in local paleoenvironmental conditions after the Paleocene/Eocene boundary that were unfavorable to coralline algal growth. Still, they did not find evidence that the warming event had led to a decrease in the abundance or diversity of coralline algae in the studied Pyrenean localities. Combining these results from the geological history of coralline algae with those of Pinna et al. who reported an overall good acclimation potential of the Mediterranean bioconstructor Lithophyllum stictiforme to warming seawater temperature, and those from Schubert et al. who report that fluctuating environmental conditions increase the tolerance of Phymatolithon lusitanicum to heat waves, evidence is mounting that coralline algae as a group are actually well equipped to acclimate to the changing environmental conditions expected in the near future. Aguirre et al. also point out the challenges associated with species identification of fossil specimens. The difficulties lie not only in the limited number of distinguishable characters preserved in the fossil record, but also in the inconsistent use of published species names, as well as in the cryptic diversity expressed among the coralline algae. Many studies have reported cryptic diversity in coralline algal communities, and in the current Research Topic, Kittle et al. report a new species of Phymatolithon (P. abuqirensis) from the Mediterranean, which brings the total number of described Mediterranean species in this genus to six. The authors stress that future research will be needed to assess the distribution of this newly described species throughout the Mediterranean. Furthermore, the study of Teper et al., using lipid, fatty acid and stable isotope analysis, showed that the trophodynamics of a sub-Artic rhodolith bed in Newfoundland are primarily controlled from the bottom up, by planktivores and detrivores. The study presents evidence of the specific diets and feeding relationships among dominant animal taxa in a rhodolith bed and encourages further explorations regarding the contributions of sediment and rhodolith-associated fauna to the habitat trophodynamics and the spatial and temporal variability of rhodolith-bed associated trophic relationships.

In summary, the Research Topics “Coralline Algae: Globally Distributed Ecosystem Engineers,” and “Coralline Algae: Past, Present and Future Perspectives” have made a significant contribution to improving our understanding of past and present coralline algae biology, physiology, ecology, geological history, biogeography, biodiversity and genetics. These new insights not only narrow several current knowledge gaps, but also allow us to make predictions about the future perspectives of coralline algae under global climate change. Nevertheless, research on these important ecosystem engineers is still far behind that of other coastal habitats (e.g. coral reefs, kelp beds, seagrass beds, and mangroves), and many uncertainties regarding these habitats and their ecosystem functions and services still persist. In view of this and the increasing threats to marine benthic communities, we stress that increased research initiatives will be essential to provide a better understanding of the vital role coralline algae play in the oceans, which in turn will allow implementing and improving conservation efforts.
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Recently, increased attention is being paid to the importance of environmental history in species’ responses to climate-change related stressors, as more variable and heterogeneous environments are expected to select for higher levels of plasticity in species tolerance traits, compared to stable conditions. For example, organisms inhabiting environments with highly fluctuating thermal regimes might be less susceptible to the increasing frequency and intensity of marine heatwaves (MHWs). In this study, we assessed the metabolic and calcification responses of the rhodolith-bed forming Phymatolithon lusitanicum, from a coastal region that is strongly influenced by frequent changes between upwelling and downwelling conditions, to a simulated MHW scenario, with and without prior exposure to a moderate thermal stress. This allowed determining not only the influence of the species’ long-term thermal history on its resilience against MHWs, but also the rhodoliths capacity for short-term thermal stress memory and its importance during posterior MHW-exposure. Our findings indicate that the rhodoliths experienced negative impacts on daily net primary production (DNP) and calcification (DNC) during the MHW. The effect on the former was only temporary at the beginning of the MHW, while DNC was highly impacted, but exhibited a quick recovery after the event, suggesting a high resilience of the species. Furthermore, prior exposure to a moderate temperature increase, such as those occurring frequently in the natural habitat of the species, mitigated the effects of a subsequent MHW on DNP, while promoting a faster recovery of DNC after the event. Thus, our findings (1) support the hypothesis that benthic organisms living in nearshore habitats may benefit from the natural short-term temperature fluctuations in these environments with an increased resistance to MHW impacts and (2) provide first-time evidence for thermally induced stress memory in coralline algae.

Keywords: calcification, coralline algae, environmental variability, heatwave, net productivity, thermal stress memory


INTRODUCTION

Benthic organisms that are sessile in nature cannot escape, but must respond to or endure fluctuating surroundings and diverse environmental challenges. These natural environmental regimes can shape the organisms’ stress tolerance through processes like acclimation and adaptation. Therefore, to understand whether particular marine ecosystems could be more resilient or resistant to stressors, namely those related to the ongoing climate change, a better working knowledge of the role played by local environmental variability in shaping the responses of benthic organisms is needed (Helmuth et al., 2006; Boyd et al., 2016; Rivest et al., 2017; Vargas et al., 2017; Kroeker et al., 2019; Bernhardt et al., 2020).

Natural environmental variability can essentially influence the responses of marine organisms to changing conditions, such as related to the ongoing climate change (Boyd et al., 2016), as (1) marine provinces differ strongly in their environmental heterogeneity (Zhao et al., 2020), (2) organisms from more heterogeneous environments may have an increased phenotypic plasticity (Vargas et al., 2017; Miller et al., 2020), and (3) the inclusion of natural environmental fluctuations in experimental climate-change simulations has been shown to yield different outcomes from those that do not (Oliver and Palumbi, 2011; Cornwall et al., 2013, 2018; Roleda et al., 2015; Schoepf et al., 2015; Britton et al., 2016; Johnson et al., 2021). In view of the latter, a common expectation for studies, examining the effects of climate change-related stressors, is that environmental heterogeneity and variability will select for higher levels of plasticity in specific tolerance traits compared to stable environments. Significant progress has been made to include naturally high pH variability in experimental designs studying ocean acidification effects on marine organisms, such as corals, coralline, and other macroalgae (Cornwall et al., 2013, 2018; Johnson et al., 2014, 2021; Roleda et al., 2015; Britton et al., 2016). Similarly, the effects of highly fluctuating thermal regimes on organisms’ thermotolerance received increased attention in recent years (Putnam et al., 2010; Oliver and Palumbi, 2011; Schoepf et al., 2015; Safaie et al., 2018; Hughes et al., 2019; McCoy and Widdicombe, 2019).

Studying the thermal responses of organisms and the influence that natural variability may have on those has become increasingly important in marine research, as current climate change projections predict an increase in seawater temperature, occurring through both gradual warming and also by the increase in events of anomalous high seawater temperature, such as marine heatwaves (MHWs). The latter represent events of changes in temperature within days and are predicted to become more frequent and intense in the future (Meehl and Tebaldi, 2004; Frölicher and Laufkötter, 2018; Oliver et al., 2018), driving alterations at the ecosystem scale, due to likely changes in the abundance, distribution and function of foundation species (e.g., Pearce and Feng, 2013; Wernberg et al., 2013). The plasticity in thermotolerance traits that may be promoted by naturally fluctuating thermal regimes will be crucial for organisms’ resilience and survival in the absence of time for evolutionary responses (Safaie et al., 2018; Hughes et al., 2019). Environments that exhibit strong and fast (daily, weekly) temperature fluctuations might not only promote thermotolerance through adaptation, but also through the induction of thermal stress memory (thermal priming).

Thermal priming or acquired thermotolerance, already well-studied in terrestrial plants, allows organisms to cope better under conditions of recurrent heat stress through exposure to prior stress events (Hilker et al., 2016). It is distinguished from the basal thermotolerance, i.e., an organism’s innate capacity to cope with heat stress, as it is induced either by exposure to a gradual temperature increase up to stressfully high temperatures (e.g., seasonal temperature fluctuations) or via a short pre-exposure to a mild heat stress. In the latter case, upon returning to non-stress temperatures, the primed state (referred to as heat stress memory) is maintained over several days or months (Iqbal and Ashraf, 2007; Rendina González et al., 2018). This phenomenon of thermal priming has very recently been adopted as a potential strategy for ecosystem restoration and macroalgal farming (Jueterbock et al., 2021). It is also a currently emerging field in marine climate change research, due to evidence of lower impacts and higher resilience of communities living in fluctuating thermal environments and/or experiencing recurrent stress events, compared to those from stable environments. So far, only a few marine studies on this topic were conducted in macroalgae, seagrasses or corals (Kishimoto et al., 2019; Nguyen et al., 2020; Yu et al., 2020).

Studies regarding the influence of thermally fluctuating environments on the response to temperature rise in coralline algae, a group of benthic organisms that has been shown to experience often negative impacts related to seawater temperature increase (Martin and Hall-Spencer, 2017; Cornwall et al., 2019), and their potential capacity for thermal priming are currently missing. These algae fulfill crucial ecological roles throughout the oceans, such as building extensive, worldwide distributed coastal ecosystems, the rhodolith beds (Foster, 2001; Riosmena-Rodríguez et al., 2017), or cementing and providing substrate for invertebrate larval settlement in coral reefs (e.g., Adey, 1978; Steneck, 1986; Littler and Littler, 2013). Though, in contrast to other ecosystems (e.g., coral reefs, kelp forests) still little information is available regarding their response to increased seawater temperature. Most studies have focused on determining the effects of gradual increases in mean temperature and report a broad range of responses (Martin and Hall-Spencer, 2017; Cornwall et al., 2019). The tolerance or susceptibility of coralline algae to MHWs is so far largely unknown and the scarce ecological information available indicates highly variable responses. For example, increased coralline algal mortality was reported after a thermal stress event in Western Australia (Short et al., 2015), while other studies reported their increased abundance during extreme heat stress associated to El Nino events (Murray and Horn, 1989; López-Pérez et al., 2016). Furthermore, as pointed out in the review of Cornwall et al. (2019), besides lacking information regarding the influence of MHWs on coralline algal physiology, also the role that naturally variable environments and hence, species’ past thermal history, could play in harboring more thermotolerant populations of coralline algae is largely unknown. Recent evidence showed none or little physiological responses of articulated coralline algae to simulated MHWs (Rendina et al., 2019; Ragazzola et al., 2021), while subtropical rhodolith species suffered strong negative effects (Schubert et al., 2019), and McCoy and Widdicombe (2019) reported that environmental history did not define the thermal response of another articulated alga, the intertidal Ellisolandia elongata.

In the present study the impacts of MHWs on a free-living coralline alga were investigated. Free-living coralline algae or rhodoliths are common foundation species (also named bioengineer, for their ecological role in structuring ecosystems) in the intertidal/shallow subtidal regions of temperate, subtropical and tropical coasts around the world (Foster, 2001; Riosmena-Rodríguez et al., 2017). The ecosystems built by these organisms, the rhodolith (or maërl) beds, are recognized biodiversity hot-spots and considered as critical marine habitats for conservation in several areas of the world (Riosmena-Rodríguez et al., 2017). Also, they are acknowledged as major carbonate factories that may contribute more prominently to the global CaCO3 budget than currently acknowledged (Nelson, 2009; Amado-Filho et al., 2012; van der Heijden and Kamenos, 2015; Smith and Mackenzie, 2016). Thus, in the face of climate change, the resilience and persistence of these organisms and the habitats they build are of particular interest and importance.

The newly described rhodolith species Phymatolithon lusitanicum (Pardo et al., 2014; Peña et al., 2015) studied here has a wide latitudinal distribution, from Scotland and Ireland to the Iberian Peninsula and the Western Mediterranean Sea, and dominate the rhodolith beds in the Iberian Peninsula, specifically in Galicia (NW Spain) and Algarve (South Portugal) (Carro et al., 2014; Peña et al., 2015; Bunker et al., 2018). The latter location is defined by fast inversions between upwelling and downwelling conditions, exposing the rhodolith community to a highly fluctuating thermal regime and allowing the assessment of (1) the influence of the long-term thermal history of P. lusitanicum on the species’ physiological response to MHWs, and (2) the species’ capacity for short-term thermal stress memory and its importance during posterior MHW-exposure.



MATERIALS AND METHODS


Study Site and Historic Environmental Conditions

The studied rhodolith bed, dominated almost exclusively by Phymatolithon lusitanicum (Carro et al., 2014; Pardo et al., 2014; Peña et al., 2015), has an estimated area of 3 km2 and extends from 13 to 25 m depth. It is located at 4.7 nautical miles offshore of Armação de Pêra, in the Algarve, Southern Portugal (37°01′N, 8°19′W; Figure 1A). The region is influenced by coastal counter currents due to opposite alongshore winds that cause sharp current inversions in short time scales (<2–15 days), resulting in changes from upwelling- to downwelling-favorable conditions, especially during May-Oct (Sánchez et al., 2006; Garel et al., 2016). As shown by in situ data, these quick changes in coastal currents cause strong daily and weekly fluctuations in temperature and light availability at the location of the rhodolith bed (Figures 1B–D), but also strong temperature fluctuations along the day, with recorded variations of up to 3–4°C (Supplementary Figures 1A–C). The temperature variation is accompanied by a large variability of maximum in situ daily light intensities that range between no detectable light to maximum recorded values of 240 μmol quanta m–2 s–1 (Supplementary Figure 1D).
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FIGURE 1. (A) Rhodolith bed off the coast of Armação de Pera, Portugal (orange dot; https://mapswire.com/), dominated by Phymatolithon lusitanicum (inlet photo). (B–D) Daily in situ maximum seawater temperature between 2013 and 2020 (blue area), recorded by HOBO temperature data loggers (Onset, United States) positioned at the rhodolith bed at 22 m depth. Climatological daily mean (dotted dark blue line) and threshold SST temperature (dotted orange line) for the location are shown and MHW events, as defined by the Marine Heatwave Tracker (Schlegel, 2018), are indicated by red arrows.


Climatological data from 1982 to 2020, based on satellite data of sea surface temperature (SST) retrieved from the Marine Heatwave Tracker (Schlegel, 2018) show that the southern Portuguese region experiences the influence of marine heatwaves (MHWs). Our analysis of the MHWs detected since 1982 indicate that not only the frequency, but also the severity of these events exhibits an increasing trend (Supplementary Figure 2A). In the 2010’s decade, 31 MHW events were recorded, 7 of which are considered strong events, with maximum temperature rises above the climatological threshold ranging between 1.1 and 4.3°C. The occurrence of MHWs shows a seasonal variability, with the majority of the events occurring during summer and autumn (Supplementary Figure 2B). Most of the MHWs are of short duration (<2 weeks; Supplementary Figure 2C), though there is a large variability regarding the time passed between events. Often 1–4 weeks pass between events, while longer time intervals (>11 weeks) are also quite frequent (Supplementary Figure 2D). These occurrences of thermally anomalous events, which are identified based on SST data, are consistent with strong in situ temperature increases (Figures 1B–D).



Sampling and Experimental Design

Individuals of P. lusitanicum were collected by SCUBA at 22 m depth in October 2020 (recorded in situ temperature: 17°C) and transported in coolers to the Center for Marine Sciences marine station Ramalhete (∼50 km from Armação de Pêra). Here, the rhodolith were maintained in seawater flow-through indoor tanks at 17°C and 50 μmol quanta m–2 s–1 (11 h light: 13 h dark; LEDVANCE Flood LED IP65, 50 W, 6500 K, Ledvance, Germany) during 2 weeks for pre-acclimation to the tank conditions. The chosen light intensity represents an intermediate maximum light level, based on previous records of natural light conditions at the location of the rhodolith bed (Supplementary Figure 1D).

To test for potential impacts of MHWs (sensu Hobday et al., 2016) on rhodolith physiology and the influence of recurrent thermal stress on those impacts, three different treatments were designed, (1) Control- kept at 17°C during the whole experiment (Figure 2A), (2) HT- simulation of a high-temperature event for 12 days, with a gradual temperature increase/decrease of 1.5°C day–1 and Tmax = 24.5°C for 4 days (Figure 2B). With 3.5°C above the climatological threshold of the sampling location and month (Oct- 21.2°C), this treatment simulated a MHW lasting 8 days. And (3) 2HT- simulation of two high-temperature events: the 1st event represented a moderately naturally occurring temperature increase during 12 days (max. 21°C for 6 days, gradual temperature increase/decrease: 1°C day–1), while the 2nd event simulated the same high-temperature event as in HT (Figure 2C).
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FIGURE 2. Schematic overview of the temperature profiles and daily average temperature in the different experimental treatments: (A) control treatment at 17°C, (B) HT – exposure to one high-temperature event, simulating a realistic MHW scenario, and (C) 2HT – exposure to two consecutive high-temperature events of different intensities, the 1st moderate event simulating a natural temperature fluctuation and the 2nd event simulating a realistic MHW scenario. The pre-acclimation period is indicated by the shaded area and the maximum temperature increase in the treatments and the cumulative intensity (CI = Duration*Mean Intensity) of the simulated MHW are given. The red area indicates the treatment conditions that correspond to a MHW event, with exposure to temperatures above the climatological threshold for the sampling location and period (>21.2°C) for >5 days (sensu Hobday et al., 2016). The time points at which physiological measurements were performed (T0–8) are indicated by black squares.


During the experiment, the rhodoliths were kept in a set-up consisting of 150–L treatment tanks (n = 5 per temperature treatment), connected to a seawater flow-through system. Before entering the experimental tanks, the seawater was pumped into a header tank (2000 L), in which the temperature was kept at 17°C by a heat pump (i-Komfort, Kripsol, Hayward), after passing through a preliminary mechanical filtration (sand filters), two in-line cartridge filters (10–20 μm and 5 μm) and two UV filters (16 and 8 W). From there, the water entered the experimental tanks, each equipped with a submersible air pump to ensure water circulation and an aquarium heater that was used to maintain and manipulate the temperature in the different treatments, which was monitored by a temperature data logger (HOBO, Onset, United States) positioned in each tank (Supplementary Figure 3).

To determine the treatment effects on rhodolith physiology, the responses in photosynthetic, respiratory and calcification rates of the same rhodoliths (n = 5 per treatment, n = 1 per tank) were monitored over the entire experimental period. For this purpose, short-term incubations of the individuals were performed at nine different time points, including measurements at the beginning of the experiment, during and in-between the different high-temperature event simulations and after a recovery period of 7 days (Figure 2).



Physiological Measurements

Individual rhodoliths were incubated (n = 5 per treatment and time point) at their respective treatment temperature with filtered seawater (0.45 μm) in sealed custom-made chambers (V = 70 mL) with internal circulation, provided by a magnetic stirrer. Firstly, the rhodoliths were exposed for 1 h to 50 μmol quanta m–2 s–1 (Lexman LED, 20 W, 6500 K) to determine photosynthetic and light calcification rates and subsequently, they were incubated in darkness for another hour to determine respiratory and dark calcification rates. Previous tests assured that 1 h-incubation time provides a high enough signal to noise ratio to allow detection of changes in both oxygen concentration and alkalinity, while ensuring that pH changes during incubations were <0.1 units. At the beginning and end of the incubation, the oxygen concentration was measured with an oxygen meter (Fibox 4, PreSens, Germany). Control incubations (without rhodolith samples) were also performed, showing that oxygen changes in the incubations water, e.g., due to microbial activity, were neglectable. Seawater samples were taken at the beginning and end of every incubation, poisoned with HgCl2 and stored in borosilicate tubes (two tubes per incubation chamber, V = 25 mL each) for later estimation of calcification rates. At the end of the experiment the rhodoliths were oven-dried for 48 h at 60°C and the estimated dry weight was used to normalize metabolic and calcification rates.

The calcification rates of the rhodoliths were determined from alkalinity measurements of seawater samples before and after the different incubations, using the alkalinity anomaly principle based on the ratio of two equivalents of total alkalinity per each mole of CaCO3 precipitation (Smith and Kinsey, 1978). For alkalinity (TA) measurements, duplicate analyses of each sample were performed, using the Gran titration method (Hansson and Jagner, 1973; Bradshaw et al., 1981). The samples were titrated with HCl 0.1 M, using an automated titration system (Titroline 7000, SI Analytics, Mainz, Germany), coupled to an autosampler (TW alpha plus, SI Analytics, Mainz, Germany). Data were captured and processed with a computer, using Titrisoft 3.2 software (SI Analytics, Mainz, Germany). For quality control, a certified reference material of known total alkalinity was used to calibrate the method (CRMs, Batch No. 160; supplied by the Marine Physical Laboratory, Scripps Institution of Oceanography, United States).



Statistical Analysis

During the experiment, the physiological responses of the same rhodolith individuals were tracked over time and thus, the data of every treatment were analyzed using one-way repeated measures ANOVA, with time as the within-subjects factor. In cases where significant differences were found, a Tukey’s HSD post hoc test was conducted to determine significant groupings. A priori, data were tested for normality and heteroscedasticity, using the Shapiro-Wilk and Levene’s tests, respectively. All statistical analyses were performed using STATISTICA 7.




RESULTS

All measured physiological parameters of P. lusitanicum showed significant differences among time points in the treatments that either simulated one (HT) or two (2HT) transient high-temperature events (Table 1 and Supplementary Table 1). Unexpectedly, the rhodoliths kept under control conditions also showed significant differences for gross photosynthesis and consequently for daily net primary production (Table 1 and Figure 3A). This was coincident with a slight temporary increase in the treatment temperature (Supplementary Figure 3).


TABLE 1. Summary of the results of the one-way repeated measures ANOVA, indicating the effect of time (and corresponding temperature condition) on the measured parameters in each treatment.
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FIGURE 3. Metabolic rates of Phymatolithon lusitanicum in response to the experimental temperature treatments (indicated by the red area). (A,B) Control treatment, (C,D) HT-simulation of a high-temperature event, and (E,F) 2HT- simulation of two high-temperature events. Data are shown as percentage of the initial values and represent mean ± SE (n = 5 per treatment and time point). Significant changes with respect to the initial value are indicated by asterisks (one-way repeated measures ANOVA, Tukey’s HSD post hoc).


Rhodolith exposure to a temperature increase that simulated a MHW event (HT-treatment) did not induce a significant response in P. lusitanicum’s gross photosynthesis or respiratory demand, when compared to the respective initial values (Figures 3C,D). On the other hand, the individuals in the 2HT-treatment showed a significant increment in both gross photosynthetic and respiratory rates in response to the first moderate temperature increase, while the exposure to the subsequent MHW induced a significant increase only in respiration at T5, when maximum temperature was reached, an effect that had dissipated after 4 days at this temperature (T6; Figures 3E,F).

Rhodolith calcification showed positive, as well as negative responses to increasing temperatures, depending on the treatment (Figure 4). In the HT-treatment, rhodoliths experienced a strong significant decrease in both light and dark calcification after exposure for 4 days to the maximum temperature (T6), but recovered to 90% of their initial calcification after a week at pre-MHW temperature (T8; Figures 4C,D). In contrast, when exposed to a moderate temperature increase in the 2HT-treatment, rhodolith light and dark calcification was stimulated, which resulted in a significant increase in light calcification after 6 days at 21°C (T2; Figure 4E). This increase in light calcification was also observed initially at the subsequent MHW event (T5), but was here followed by a significant decrease after 4 days at the maximum temperature (T6). Dark calcification, on the other hand, declined as temperature increased during the subsequent MHW (T5), reaching values of 48% of T0 after 4 days at the maximum temperature (T6; Figure 4F). Afterward, in the 2HT-treatment both light and dark calcification showed complete recovery to initial light calcification rates after 4 days at pre-MHW temperature (T7; Figures 4E,F).
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FIGURE 4. Light and dark calcification rates of Phymatolithon lusitanicum in response to the experimental temperature treatments (indicated by the red area). (A,B) Control treatment, (C,D) HT-simulation of a high-temperature event, and (E,F) 2HT- simulation of two high-temperature events. Data are shown as percentage of the initial values and represent mean ± SE (n = 5 per treatment and time point). Significant changes with respect to the initial value are indicated by asterisks (one-way repeated measures ANOVA, Tukey’s HSD post hoc).


The integration of the measured physiological responses, considering the daylight hours for the location at the time of the year in which the rhodoliths were collected and which were maintained during the experiment (11 h light: 13 h dark), indicated significant impacts of the exposure to a MHW event on daily net primary production (DNP) and daily net calcification (DNC). In the HT-treatment DNP decreased significantly at reaching the maximum temperature of the MHW (T5), with a subsequent increase to initial values after 4 days at this temperature (T6), following the pattern of the rhodoliths’ respiratory response to the temperature increase (Figure 5C). On the other hand, DNC in this treatment was initially unaffected by the temperature increase (T5), though after 4 days at 24.5°C (T6) it declined strongly (−60%, Figure 5D), matching the responses in both, light and dark calcification (Figures 4C,D). After the MHW, DNC showed a strong and fast recovery, reaching ∼90% of the initial values after 1 week at pre-MHW temperature (T8; Figure 5D). In contrast, rhodoliths in the 2HT-treatment that were firstly exposed to a moderate increment in temperature experienced a significant increase in DNP after the temperature was back to the control level (T3; Figure 5E), related to increased photosynthetic rates (Figure 4E). A similar, though not significant positive response to the moderate temperature increase was found also for DNC (T2; Figure 5F), related to the positive responses in both light and dark calcification (Figures 4E,F). Subsequently, at the beginning of the second, MHW-simulating temperature increase (T5), a significant increase in DNC was found, which declined significantly after longer exposure (4 days) to the maximum temperature (T6), but showed a quick and complete recovery by the end of the MHW event (T7; Figure 5F).
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FIGURE 5. Daily integrated net primary production and calcification of Phymatolithon lusitanicum in response to the different thermal treatments (indicated by the red area). (A,B) Control treatment, (C,D) HT-simulation of a high-temperature event, and (E,F) 2HT- simulation of two high-temperature events. Data are shown as percentage of the initial values and represent mean ± SE (n = 5 per treatment and time point). Significant changes with respect to the initial value are indicated by asterisks (one-way repeated measures ANOVA, Tukey’s HSD post hoc).




DISCUSSION

Our results demonstrate that a fluctuating environment pre-conditions the free-living coralline species P. lusitanicum to cope better with thermal stress, such as that experienced during MHWs. While the rhodoliths may experience some negative impacts on daily net primary production and calcification during a MHW event, the effect on DNP are rather short-lived and the larger impact on DNC is compensated by a high rate of recovery, suggesting a high resilience of the species. Moreover, events of prior exposure to moderate temperature increase, such as occurring frequently in the natural habitat of this species, due to fast changes between upwelling and downwelling conditions, mitigated the effects of a subsequent more intense MHW on DNP and promoted an even faster recovery of DNC. Thus, this study also provides the first insight into thermal stress-induced memory in coralline algae.


Marine Heatwave Impact on Rhodolith Physiology

Most studies on the physiological responses to temperature increase in coralline algae have been performed either by comparing their seasonal performance (i.e., winter vs. summer) or by assessing their responses to experimentally-induced temperature increases above a mean control or ambient temperature (Martin and Hall-Spencer, 2017; Cornwall et al., 2019). In contrast, information on coralline algal tolerance/susceptibility to MHW events is almost non-existent (but see Rendina et al., 2019; Ragazzola et al., 2021). Regardless of the approach, the available evidence suggests that coralline algae express a large variability in their responses to thermal stress, which may be related to species-specific differences, but also, as pointed out by Cornwall et al. (2019), to temperature variability within experimental set-ups and/or the past thermal history of the organisms.

In the present study, the acute thermal stress treatment, simulating a realistic MHW event (HT-treatment), showed little and only short-term negative effects on rhodolith net primary production, but a strong decrease in net calcification. The former was related to an initial, though not significant, increase in respiration, a response often found in coralline algae during exposure to higher temperatures (Steller et al., 2007; Vásquez-Elizondo and Enríquez, 2016). However, within a few days at the high temperature P. lusitanicum was able to adjust its metabolic demand, allowing the species to revert to the prior daily net primary production rates (Figure 5C). On the other hand, rhodolith calcification was strongly impacted by the MHW simulation, due to a decline in both light and dark calcification and consequently, daily net calcification (Figure 5D). The stronger impact on calcification, compared to the metabolic processes, has also been reported in other coralline algae (Vásquez-Elizondo and Enríquez, 2016; Schubert et al., 2019) and indicates an uncoupling of physiological processes, such as photosynthesis and light calcification under thermal stress conditions. On the other hand, the ∼40% recovery of daily net calcification at the time when temperature was back to the pre-MHW level suggests that recovery started already during the gradual temperature decrease at the end of the MHW. This, together with the 90% recovery 1 week after the event, indicates a high recovery capacity of P. lusitanicum and hence, species’ resilience in the face of MHW-associated heat stress, most likely related to an adaptive tolerance to the strong and fast temperature fluctuations of its natural habitat.

The influence of an organism’s thermal history on its response to acute thermal stress has recently been studied in coralline algae through prior pre-acclimation to higher or varying temperatures (naturally or experimentally) before exposure to severe heat stress. The experimental evidence indicates contradictory responses, either demonstrating reduced physiological performance (Rendina et al., 2019; Page et al., 2021) or no substantial effects on the studied species in response to acute heat stress (McCoy and Widdicombe, 2019), probably related to differences in the experimental design or the thermal history of the species. Experiments involving long-term acclimation of tropical and temperate species to an increase in mean temperature prior to acute thermal stress exposure reported negative effects (Rendina et al., 2019; Page et al., 2021), while an acute thermal stress did not exert any negative effects on individuals of the temperate species Ellisolandia elongata, collected from a strong intertidal gradient (McCoy and Widdicombe, 2019).

Direct comparison among studies regarding the responses of coralline algae to MHWs is very difficult due to (1) the currently extremely scarce number of studies, (2) the often large differences in the experimental design, e.g., MHW intensity and duration, and (3) the differences in the specific time points during the MHW (and after a recovery period), when physiological assessments were performed. To date, there are only two studies on temperate articulated coralline algae that have assessed the physiological responses to realistic scenarios of MHWs, based on climatological data and thresholds for the respective study location (Rendina et al., 2019; Ragazzola et al., 2021). In general terms, the lack of significant responses of P. lusitanicum’s metabolic rates to the MHW-associated temperature increase found here agrees with those observed in the temperate articulated coralline alga Ellisolandia elongata (Ragazzola et al., 2021), while a significant response has been reported in the articulated Corallina officinalis (Rendina et al., 2019). The latter species exhibited a decrease in gross photosynthesis, as well as respiratory demand immediately after a simulated MHW event, without signs of recovery after 2 weeks. Also, the calcification response of these two articulated coralline species differed greatly from that of the here studied rhodolith, as the former did not show any responses in either, light or dark calcification in response to a simulated MHW event or responded with a significant decline in dark calcification only (Rendina et al., 2019; Ragazzola et al., 2021). These contradictory findings are not surprising, considering the large variability in magnitude and direction of thermal stress responses in this group that in large part may be related to inherent species-specific differences (Martin and Hall-Spencer, 2017; Cornwall et al., 2019), also supported by a recent study showing that even different rhodolith species from the same location express differences in their responses to seasonal temperature variations (Qui-Minet et al., 2021).



Thermal Stress Memory

The comparison of the rhodolith responses upon exposure to a realistic MHW scenario, with and without prior moderate thermal stress, clearly showed that (1) a temperature increase consistent with naturally occurring rises in temperature boosted the rhodolith’s net primary production, and (2) this prior exposure mitigated MHW impacts on rhodolith calcification, DNP and DNC, and allowed for a quicker recovery of calcification and derived DNC, indicating the species’ capacity to acquire thermal stress memory that lasted for at least 1 week.

Regarding the first point, our results were mostly consistent with P. lusitanicum’s physiological responses to temperature levels within the species’ natural range (16–22°C) after a month-long acclimation, which showed that similarly to our study gross photosynthesis and light calcification were significantly increased at 22°C (Sordo et al., 2019). These findings are also supported by evidence from previous field and experimental studies, showing that the response of coralline algae to rising temperature is dependent on the magnitude of increase. A temperature rise within the range experienced in natural habitats, can increase growth, photosynthesis and calcification in both temperate and tropical species (Adey, 1970; Adey and McKibbin, 1970; Martin et al., 2006; Steller et al., 2007; Martin and Gattuso, 2009), while further increasing temperature results in a decline (Adey, 1970; Adey and McKibbin, 1970) and can have severe detrimental effects (Martin and Hall-Spencer, 2017).

The lower MHW impact on rhodolith physiology due to prior exposure to moderate temperature increase was consistent with the well-studied concept in terrestrial plants that appropriate responses to recurrent environmental fluctuations rely on the ability of an organism to keep “a memory” of prior exposure to certain conditions for a certain length of time (Bruce et al., 2007; Trewavas, 2009). Prior exposure to moderate heat stress led to acquired thermotolerance (or thermal priming) that enhanced the tolerance of P. lusitanicum to the subsequent challenge of a more severe heat stress event. The study of this phenomenon in marine science is a very recently emerging field, though ample ecological evidence exists from field observations that suggest weaker negative heat stress impacts on marine organisms exposed to recurrent thermal stress events (Oliver and Palumbi, 2011; Hughes et al., 2019) or high-frequency temperature variability, such as daily temperature range (Safaie et al., 2018). So far only a few studies on benthic primary producers have experimentally assessed the effect of thermal priming on acute (or MHW) stress responses (Kishimoto et al., 2019; Nguyen et al., 2020; Yu et al., 2020). The red alga Bangia fuscopurpurea acquired short-term thermal stress memory, which enhanced the species’ thermotolerance against subsequent lethal high-temperature stress (Kishimoto et al., 2019). In two seagrass species, Posidonia australis and Zostera muelleri, a similar experimental design as used in our study showed that non-preheated plants suffered a significant reduction in photosynthetic capacity, leaf growth and chlorophyll a content, while plants exposed to a prior mild thermal stress were able to cope better with the recurrent stressful event (Nguyen et al., 2020). Similar findings of increased thermal tolerance upon pre-exposure to moderate stress were also reported for the coral Acropora pruinosa (Yu et al., 2020). This increased thermotolerance through thermal stress memory has been associated to molecular modifications via activating, enhancing or speeding up responses to coping with environmental stressors (Crisp et al., 2016), e.g., higher expression of heat stress transcription factors regulating the expression of heat-shock proteins and antioxidant genes (Kotak et al., 2007; Song et al., 2012; Wang et al., 2014). Indeed, in the aforementioned studies regarding thermal priming in marine organisms, Nguyen et al. (2020) demonstrated that methylation-related genes were significantly regulated in seagrasses in response to thermal stress, while in B. fuscopurpurea modification of membrane fluidity via changes in membrane fatty acid composition was seemingly involved in the establishment and maintenance of heat-stress memory (Kishimoto et al., 2019).



Ecological Implications – Benefits of Living in a Naturally Fluctuating Thermal Regime

Phymatolithon lusitanicum exhibits a wide latitudinal distribution, spanning from Scotland and Ireland to the Iberian Peninsula and the Western Mediterranean Sea, but also a large vertical distribution from the intertidal zone down to 64 m (Peña et al., 2015; Bunker et al., 2018). This suggests that the species has a wide environmental tolerance, which is supported by our study that shows that it is well adapted to the highly fluctuating environment at the southern coast of Portugal. In fact, it seemingly benefits from the often strong temperature increases, due to inversions from upwelling to downwelling conditions, as these conditions not only boost the species productivity, but also allow it to cope better with more intense temperature rises, such as MHW events, ensuring lower impacts on net primary production and calcification, as well as a quicker recovery. The capacity of P. lusitanicum to remember past thermal incidents and store this knowledge to adapt to new challenges represents a great advantage for this species in its natural habitat, where environmental conditions, i.e., temperature and light availability, fluctuate fast and repeatedly. Thus, the P. lusitanicum population in the Algarve can be considered as resilient (sensu Hodgson et al., 2015), combining both, resistance to immediate physiological impacts and recovery after the stress exposure. The species’ resilience is also evidenced by the maintenance of relatively constant seasonal growth rates, despite the large environmental fluctuations and MHWs (Sordo et al., 2020). However, future research is needed to assess if other populations of P. lusitanicum along the species’ latitudinal distribution show a similar thermotolerance and resilience or if the naturally variable environment of this specific population is the major driver for its resistance to thermal stress.




CONCLUSION

Temperature can exert strong effects on coralline algal physiology, as evidenced by the present and previous studies (Martin and Hall-Spencer, 2017; Cornwall et al., 2019), though the direction and magnitude of these effects is strongly determined by the thermal history of the species, as temperature increases within the range experienced in their natural habitat can increase species’ physiological and growth performance, while increases above the local thermal maximum can cause adverse effects (Ichiki et al., 2001; Blake and Maggs, 2003; Steller et al., 2007; Vásquez-Elizondo and Enríquez, 2016; Tanaka et al., 2017; Graba-Landry et al., 2018).

As shown here and in other recent studies, MHW impacts in environments where thermal stress is recurrent are attenuated through the induction of thermal stress memory. Our findings highlight (1) the importance of considering local environmental conditions for designing realistic experimental MHW simulations and for the interpretation of the organisms’ responses to temperature increase, (2) the need for more detailed studies to test for the duration of the stress memory, which in P. lusitanicum lasts at least 1 week, but has been reported to last from several days to months in terrestrial plants (Iqbal and Ashraf, 2007; Rendina González et al., 2018), and (3) the usefulness of increased time-resolution for physiological determinations during experimental thermal stress induction and release for studying associated up- and/or down-regulation of physiological mechanisms.
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Paleoclimate and paleoenvironmental reconstructions from increment-yielding archives strongly depend on precise age models. Like bivalves, corals, trees, and speleothems, the coralline alga Clathromorphum compactum produces annual growth increments and shows considerable promise as an environmental archive for arctic and subarctic regions. Though their growth increment widths correlate with temperature and sea ice cover in high Arctic regions, existing timeseries have not been crossdated. In fact, previous studies have shown a lack of inter-sample correlation in non-crossdated timeseries suggesting possible age model dating errors. Here, we use dendrochronology crossdating techniques and COFECHA software to ensure and validate synchrony between C. compactum timeseries (<141 years) from three specimens collected near Beechey Island, Nunavut, Canada. Results showed that non-crossdated timeseries constructed by four coralline red algae researchers using annual increments of the same C. compactum samples were highly variable and showcase the likelihood of dating errors in non-crossdated timeseries. Crossdating improved inter-series correlations, and correlations to sea ice-related records, suggesting that at least three crossdated timeseries are required to isolate paleoclimate signals. Our findings suggest that future reconstructions with C. compactum should employ crossdating techniques to reduce dating errors and allow for more precise climate reconstructions.


Lay Abstract

Long-term environmental records provide a critical baseline to examine how humans have impacted Earth’s natural climate. An important piece to consider is sea ice’s role in natural climate variability because its brightness limits warming by reflecting solar irradiation back to space. However, instrumental records of sea ice rarely extend beyond the early satellite era (late 1970s), limiting our understanding of how sea ice affects natural climate variability in the preindustrial era. A lack of historical baseline prompted the development of sea ice proxies, including the long-lived marine alga, Clathromorphum compactum. Similar to tree-rings, C. compactum produces a new mineralized layer each year, and layer thicknesses have been shown to respond to sea ice cover, making them useful to record long-term sea ice variability. However, a recent study showed that records had replicability problems, maybe due to dating mistakes. Our study applies tree-ring dating methods (dendrochronology) to match annual algal growth layers across algal specimens. Results showed that these new methods reduced dating errors, allowing for more precise past sea ice cover reconstructions.





Keywords: Coralline red algae, Sea ice proxy, crossdating, sclerochronology, growth increments, dendrochronology, Mg/Ca ratios, LA-ICP-MS.



1 Introduction


1.1 Dating Methods for Biogenic Environmental Proxies

Sclerochronology – the study of physical and chemical variability in the incremental structures of invertebrates, fish otoliths and non-geniculate coralline red algae – plays an important role in the field of paleo-environmental reconstructions due to the significant environmental controls on chemical variations, growth rates and on the cyclicity of growth band formation (Prendergast et al., 2017). Growth increment (or growth band) widths often have a strong relationship with one environmental parameter, but in many cases growth mechanisms are complex due to various controls on growth (Weymouth, 1922; Ansell, 1968; Schöne et al., 2003; Witbaard et al., 2003; Hippler et al., 2009; Butler et al., 2010; Ballesta-Artero et al., 2017). When growth increments are strongly related to a single environmental variable, this variable is often the dominant variable changing interannually. For example, growth increments from the coralline red alga Clathromorphum compactum have been shown to strongly correlate with sea ice cover but only in high Arctic regions were sea ice is likely to be the dominant interannual variable (Leclerc et al., 2021).

When validated by multiple samples overlapping in age, sclerochronological timeseries can be used to reconstruct paleo-environmental variables going back centuries (Butler et al., 2009; Butler et al., 2013; DeLong et al., 2014; Reynolds et al., 2016; Reynolds et al., 2017). To properly judge rates of change and natural ranges of variability to include in model simulations, proxy dating must be reliable. In the case of individual, live-collected samples, the date of collection is known and can be used as an initial anchor point to count back in time. However, measurement timeseries that are dated by increment count alone have inherent temporal uncertainty due to locally absent or unresolvable (e.g., extremely narrow) growth increments that can be heterogeneous between samples and within different cross-sections of individual samples. For instance, corals, which typically rely on a single core sample, are reported to have ± 1 to 5 years of uncertainty per century (Swart et al., 1996; Felis et al., 2000; DeLong et al., 2007; Shen et al., 2008; DeLong et al., 2013). These uncertainties are due to complex and sometimes irregular structural growth across the coral colony (DeLong et al., 2013). Errors can propagate back through time, which even at a rate of 1-5% can complicate reconstructions of interannual and decadal climate variability such as the El Nino-Southern Oscillation (DeLong et al., 2013; Black et al., 2016). Temporal measurement errors in individual sample timeseries, however, can be effectively identified and corrected by crossdating. Crossdating is a hypothesis-driven method first established in dendrochronology – the study of tree rings (Glock, 1937; Fritts, 1976) – to scrutinize and validate age models of individual samples by comparing measurement timeseries (e.g., growth or other geochemical variables) with those of other independently validated samples from a given species and collection site, or to a master chronology (i.e., the averaged timeseries of several crossdated samples also from the same species and site). The crossdating method is an iterative and retrospective process that seeks to identify synchronous patterns in width, anatomy, or geochemical data among multiple samples, information that is used to diagnose dating errors (i.e., missed, false or locally absent increments) (Fritts, 1976). Accordingly, crossdating has increasingly been used in scherochronology, matching widths of growth increments among live-collected individuals with dead-collected samples to create chronologies that extend farther back in time (Butler et al., 2013).

Radiometric dating is often used to verify absolute dating of long-term crossdated chronologies (Linge et al., 2008; Butler et al., 2009; DeLong et al., 2013; Marali and Schöne, 2015; Reynolds et al., 2016). However, radiometric dating techniques (i.e., accelerator mass spectrometry radiocarbon (14C) or uranium-thorium (230Th) dating) should not be used exclusively without prior crossdating. This is due to error margins and time-averaging of multiple decades resulting from collecting carbonate material from multiple thin increments needed to fulfill analytical weight requirements; 10-15 years of growth in slow growing organisms (DeLong et al., 2013; Rasher et al., 2020). However, in cases where sample replication is high, growth coherence is strong between individual samples, and overlap among samples spans multiple decades, the chances of spurious crossdating, as can be a concern with dead-collected individuals, is very low and additional verification by radiometric dating is less critical.



1.2 Benefits and Limitations of Crossdating

Crossdating is critical to extract environmental signals within proxy data. In the event of dating errors, owing to locally absent or false increments, patterns among samples become offset relative to one another. Then when these misaligned samples are averaged, the final chronology and underlying environmental signals are muted (Black et al., 2016). Crossdating ensures that all samples are correctly aligned in time before a mean chronology is calculated, so that the underlying environmental signal can be isolated and studied. To ensure annual resolution, crossdating focuses on interannual timescales, comparing each increment to its immediate neighbors. Crossdating methods identify synchrony by comparing interannual patterns of relatively wide or narrow increments (or relatively high or low values in the case of geochemical indicators). If an increment is missed or falsely added, the pattern in that individual will appear offset relative to the pattern in the other samples, indicating that an error has occurred. Crossdating is first and foremost a visual technique, but dating should also be statistically verified using software tools like COFECHA (Holmes, 1983). These programs attempt to statistically mimic the process of visual crossdating by removing long-term trends (low-frequency variability) to isolate the interannual variability, and cross-correlate among individuals to quantify synchrony. Long-term trends, as could be induced by the 20th century decline of sea ice or increase in glacial runoff (Hetzinger et al., 2019; Hetzinger et al., 2021), or ontogenetic trends, increase the chances of spurious correlations and are therefore eliminated (i.e., detrended). COFECHA flags unusually insignificant correlations as possible errors, prompting the analyst to visually reinvestigate the original samples and/or geochemical data to determine if a true dating error occurred. Critically, all data must be visually crossdated before statistical verification, since the statistical analysis assesses the correlation between individual samples and the mean dating series defined by all other specimens. If the quality of the mean dating series is lessened by crossdating errors present in individual series, the power of the analysis to detect errors will also be compromised.

Once data have been crossdated, ontogenetic low-frequency trends (if present), as are commonly observed in tree ring growth records, can be detrended using data-adaptive curve fitting methods, a process called standardization (Fritts, 1976). Mathematically, the standardized series are typically calculated as the ratio of observed growth over expected growth (i.e., the ontogenetic growth trend), which renders the standardized timeseries unitless with a stationary mean value and variance (Cook, 1987). In tree-ring studies, the standardized timeseries are often then averaged by individual to attenuate intra-sample noise (i.e., in cases where more than one radii has been measured from an given sample) and then by site to create a mean site chronology which attenuates inter-sample noise and enhances the common signal (Fritts, 1976). In turn, well-crossdated chronologies can be used to hindcast past environmental variability, feedbacks and mechanisms, and the frequency of extreme events (Butler et al., 2013; DeLong et al., 2014).

While crossdating can be used to build robust annually resolved timeseries, it becomes impractical or impossible if the data (e.g., sample images or instrumental output) are of low quality or if there is no synchrony among samples. In addition, there will always be some degree of asynchrony among samples, and the challenge of crossdating is identifying the underlying synchronous patterns through this individual-level “noise.” Indeed, non-synchronous increment patterns that could affect some individuals but not all can result from: 1) pollution (Turekian et al., 1982); 2) extreme variation in water salinity, temperature and turbidity over fine spatial scales (Epplé et al., 2006); 3) disturbed habitats (Stott et al., 2010); 4) injury (Fritts, 1976); and; 5) disease or predation (Marali and Schöne, 2015). If no environmental variable affects growth, as could occur at sites with very favorable growing conditions, then growth will not be synchronous and crossdating will be impossible. Likewise, increments must be clearly formed and samples well prepared to delineate increment boundaries and identify synchronous growth patterns. Finally, individuals must be sufficiently long-lived that patterns can be robustly matched among individuals (Black et al., 2016).



1.3 Application of Crossdating to Coralline Red Algae

Historical climate records are rare in remote regions, such as the Arctic, and climate monitoring stations are sparsely distributed. Therefore, reliable highly resolved baseline environmental data required to understand Arctic environments of the past can only be provided by proxy records. The arctic and subarctic coralline red algae species, Clathromorphum compactum, has been used to produce multi-century, annually resolved proxy timeseries of temperature, sea ice, runoff, primary productivity, and multi-decadal climate oscillations (Halfar et al., 2008; Halfar et al., 2011; Hetzinger et al., 2011; Halfar et al., 2013; Chan et al., 2017; Hou et al., 2018; Hetzinger et al., 2019; Hetzinger et al., 2021; Leclerc et al., 2021). This species’ high-magnesium calcium carbonate skeleton consists of annual calcified growth increments produced at a rate relative to surrounding sea surface temperature (SST) and sunlight access (Williams et al., 2018a) (Figure 1). When continuous magnesium to calcium ratios (Mg/Ca) are measured either with laser ablation inductively coupled mass spectrometry (LA-ICP-MS) or electron microprobe, the annual cyclicity of Mg/Ca ratios can be graphically observed. Cycles of Mg/Ca are produced by the alga preferentially incorporating magnesium during the warm season (summer), and less so in the cold season (winter), enabling their use to date specimens and growth increments (e.g., Caragnano et al., 2017). This dating methodology enabled the use of Clathromorphum compactum growth increments and sub-annual sampling of isotopes and trace elements to further understandings of temperate and Arctic environments.




Figure 1 | Most of Clathromorphum compactum’s growth occurs during open water conditions in summer months, while dark sea ice covered winter conditions only allow limited growth producing bands of smaller heavily calcified (dark grey) cells. Colonies develop on rocky surfaces at 10-30 m depths. Continuous Mg/Ca measurement transect (blue), along axis of growth superimposed onto high-resolution sample image. Annual Mg/Ca minima shown with red line markers. Modified from Leclerc et al. (2021).



Many previous coralline algae proxy studies have relied on an individual sample per site (Halfar et al., 2013; Fietzke et al., 2015; Chan et al., 2017; Hou et al., 2018). In cases where multiple samples were involved, annual dates (i.e., age models) of staggered samples were determined by what placement produced the best cross-correlation with segments overlapping in 14C or 230Th ages (e.g., (Kamenos, 2010; Williams et al., 2017). However, formal crossdating of growth increments has not yet been applied (Black et al., 2019). Alternatively, a common method involves identifying winter Mg/Ca values (i.e., annual Mg/Ca minima) (Figure 1) as anchor points for annual Mg/Ca cycles, validated by the presence of a visual increment in high-resolution images, and counting the annual cycles back in time (Figure 1). Often multiple overlapping measurements are necessary to avoid the reproductive cavities (i.e., conceptacles) and ensure intra-sample replicability (Figure 2). Finally, researchers average annual width and/or trace element values between samples to produce a non-crossdated mean dating series (e.g., Hetzinger et al., 2019). In instances where climate records are available, climate records can be used to justify final increment widths. Though there are justifications for this technique (Stoica et al., 2000), it remains controversial. It can elicit subjective age model determinations based on what fits better with environmental records especially when not corroborated by other samples. Furthermore, without crossdating, one cannot be sure that growth or geochemical data are truly being driven by a shared environmental signal required for paleo-environmental reconstructions.




Figure 2 | High-resolution sample image and laser transects used in this crossdating study. Transect 1 (Black); Transect 2 (Red); transect after bleaching the sample (Yellow). Boxes in images on the left are magnified in images on the right. Laser measurement paths for samples 2 and 15 end at growth unconformity. Non-highlighted laser measurement paths for sample 41 not included in this study as no other samples could provide corresponding increments that could be used for crossdating.



There is conflicting evidence for whether researchers can use individual algal samples without crossdating for paleo-climatic studies. A study on monthly resolved Mg/Ca ratios of non-crossdated C. compactum samples in the Gulf of Maine found high reproducibility (Hetzinger et al., 2018). Another study near the French islands of St. Pierre and Miquelon used stains and visual identification of non-crossdated C. compactum growth increments and showed high intra- and inter-sample replicability of Mg/Ca and Ba/Ca (Siebert et al., 2020). However, the latter study also showed insignificant inter-sample correlations of growth increment widths, stating that potentially chiton predation pressure and other variables can have a larger impact on inter-sample growth variability. This may be more common in warmer subarctic sites due to the relationship between warmer temperatures and predation (Adey and Steneck, 2001; Williams et al., 2018a; Leclerc et al., 2021). Further, the Siebert et al. (2020) and Hetzinger et al. (2018) studies downsampled Mg/Ca ratio data to a 12-value/year resolution that follows a cyclical pattern every year. Hence, such a timeseries suffers from autocorrelation and inevitably correlates even in the presence of dating errors. Therefore, these findings are insufficient to demonstrate that Mg/Ca data were synchronous between specimens without crossdating. On the other hand, high arctic sites have produced algal growth increments that correspond strongly to sea ice conditions (Leclerc et al., 2021), suggesting that growth is being controlled by a common variable and that growth should be synchronous. Nevertheless, low inter-sample replicability has been found at many high arctic sites (Hetzinger et al., 2019; Leclerc et al., 2021). This may be due to the narrower increments produced in the high Arctic, which may be more likely to be missed and cause dating errors, as has been demonstrated in other biogenic proxies (Black et al., 2016). While accurate identification of growth bands and Mg/Ca cycles depend on experience and sample quality (Black et al., 2016), unconvincing and non-synchronous Mg/Ca and growth increment records of C. compactum support the importance of crossdating methodologies for coralline algal records.

This study compares the replicability of C. compactum annual growth increments before and after crossdating for three samples from Beechey Island, Nunavut, Canada (Figure 3). For the non-crossdated samples, we first report the findings of an inter-observer study to demonstrate the embedded subjectivity in non-crossdated age models. We then determine which preliminary dating methods best prepare timeseries for crossdating (i.e., increment identification or annual Mg/Ca cycles corroborated by visual increments). We report intra- and inter-sample replicability before and after crossdating, in addition to a brief comparison to instrumental and historical sea ice-related records. Results demonstrate that crossdating improves inter- and intra-sample replicability and increases correlations to sea ice records.




Figure 3 | Map of Clathromorphum compactum sampling site (Beechey Island; 74°42’54.46”N 91°47’29.35”W) used for this study. Highlighted yellow region comprises Canadian Arctic Archipelago. Gradient of blue indicates duration of ice cover (ice-on days: <15% SIC) per year (average between 1979-2015). Data sourced from NSIDC daily SIC dataset (25 km2 resolution).






2 Methods


2.1 Collection, Preparation, and Geochemical Analysis

Clathromorphum compactum crusts were collected in 2016 via SCUBA (19-20 meters depth) at a site near Beechey Island in Lancaster Sound, Nunavut, Canada (Figure 3). The three samples used throughout this study (identified throughout as 2, 15, and 41; Figure 3) were prepared into polished thick sections exposing a cross-section of annual growth increments that were then digitally imaged with an Olympus VS-BX reflected light microscope and automated stage using Geo.TS software (Olympus Soft Imaging Systems) and automatically stitched into a photo mosaic. Images were used to digitize laser ablation paths along the growth axis on the Geo.TS software, which were then transferred to a NWR 193 UC laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) system coupled with an Agilent 7900 quadrupole mass spectrometer at the University of Toronto’s Earth Science Centre. Measurements of Mg/Ca were obtained by conducting continuous laser ablation line scans at 5 μm/sec speed, a slit size of 10 by 70 μm and 10 Hz pulse rate (for more details see Leclerc et al., 2021). In all samples, Mg/Ca outliers appeared as Mg/Ca spikes when plotted. Outliers were removed outside the lower and upper quartiles of Mg/Ca data (first quartile minus 2 standard deviations and third quartile plus 2 standard deviations, respectively).

For intra-specimen replicability purposes, two laser ablation transects were measured for each sample. Visual increments were difficult to identify on two of the samples (15 and 41) and Mg/Ca cycles from the first two transects running through the entire sample did not resemble one another (Supplementary Figures 1.2a, 1.3a). Accordingly, we applied a previously established bleaching protocol (see Supplement Materials in (Fietzke et al., 2015) to the above two samples to remove organics and test if bleaching would improve the identification of Mg/Ca cycles. Annual Mg/Ca cycles were clearer and visual increments were more visible after bleaching for these samples. Bleached samples 15 and 41 were re-imaged and re-analyzed with LA-ICP-MS following the previously outlined methods, and accordingly, had a total of three measured transects. For our purposes, the bleached samples’ Mg/Ca output was helpful as the calibrated Mg/Ca cycles were synchronous with one of the non-bleached transects and could be used for crossdating. We therefore removed one transect from each sample with low resemblance to the average of the other two transects that had high replicability between them for the rest of analysis (see Supplementary Text 2.1, Supplementary Figures 1.2, 1.3). Low resemblance may be related to growth disturbances from predators (Adey et al., 2013) or C. compactum’s hemispherical shape that allows for distinct areas of the sample to have different access to sunlight (Adey, 1965). As an additional note, Mg/Ca cycles were clearer and visual increments were more visible after bleaching for these samples.



2.2 Inter-Observer Study

In 2019, four of the co-authors (hereafter named observers), who are all experienced in coralline red algae age model construction, were asked to provide age models for two C. compactum samples (2 and 15) to determine the variability of ages assigned to each transect without crossdating. They were provided detailed instructions and calibrated Mg/Ca ratios taken along two transects of samples 2 and 15. The first step of instructions asked them to identify perceived annual Mg/Ca minima. They were allowed to look at Mg/Ca ratios from both transects to determine minima. Second, observers were provided Mg/Ca ratios superimposed on top of high-resolution microscopic images of the samples’ increments and asked to make determinations on the correct position of minima (i.e., a Mg/Ca-visual method). Finally, as a third and last step, observers were given regional satellite sea ice concentration records (1979-2015; 75 km2 resolution) to compare with their age models from the previous step. They were allowed to refine their age models based on this data and the assumption that Mg/Ca ratios and increment widths negatively correlated with sea ice concentrations (SIC), as this variable had been shown to have a strong correlation with growth increments and Mg/Ca at this site (Leclerc et al., 2021). Based on the “confirmation” of cycles by SIC data, this changed their interpretation of other cycles that date prior to the satellite era (pre-1979). Minima were counted for each transect and compared between observers.



2.3 Visual and Mg/Ca-Visual Methods for Intra-Sample Comparison

Two methods used to assess intra-sample coherence were initially tested prior to crossdating (between-sample) to evaluate which was most efficient and effective at producing low intra-sample variability of timeseries. These methods were evaluated for all three specimens (samples 2, 15, 41). We then also evaluated which method, produced the best starting point for inter-sample crossdating by running timeseries through COFECHA. The first method, visual, consisted of matching growth increment widths identified in high-resolution microscopic images of samples from transects (see section 2.1). The second method, Mg/Ca-visual, involved cross-matching growth increments measured based on the distance between two sequential Mg/Ca minima identified through annual LA-ICP-MS-gathered Mg/Ca ratio cycles from the two transects. Increments identified by Mg/Ca cycles were then also cross-referenced to visual growth increments. Finally, for each method, a single timeseries for each sample was produced by averaging annual growth increment timeseries from both transects. For inter-specimen comparison, growth increments were standardized into unitless anomalies by subtracting each increment width measurement by the sample average and dividing the difference by the standard deviation.



2.4 Crossdating

Pointer years (Schweingruber et al., 1990a) – years with particularly thick or narrow increments, or particularly high or low Mg/Ca annual maxima – were identified in each transect of samples 2, 15, and 41. Subsequently, measurement timeseries were cross-matched first within and then between samples. Once these prominent pointer years had been identified, more subtle patterns of synchrony were compared to further refine crossdating. Both annual growth increment widths and Mg/Ca maxima were used for crossdating. This process allowed for the identification of false, locally absent and missed rings (see Supplementary Text 2.2 for lexicon for dendrochronology terms and definitions). After all specimens were crossdated and statistically validated (see section 2.5), the original annual growth increment timeseries (standardized as anomalies) were averaged to reduce individual noise and isolate the climate signal (Fritts, 1976; Schweingruber et al., 1990b).



2.5 Crossdating Validation and Assessment

COFECHA dendrochronology software provided statistical verification of the crossdating among measurement timeseries. Inter-series correlations were calculated for increment widths and Mg/Ca annual maxima, respectively. Prior to calculating these statistics, COFECHA removes low-frequency variability from each measurement timeseries to isolate high-frequency variability suitable for correlation analysis (Holmes, 1983). It also identifies outlier measurements in the output that lie in the outer tails of the distribution of all rings to help identify possible measurement errors due to the misidentification of Mg/Ca minima. Unlike tree rings and bivalves (e.g., Marali and Schöne, 2015), the coralline alga C. compactum does not experience ontogenetic decrease in growth, as it retains stable growth solely driven by environmental variability (Halfar et al., 2007). However, detrending was used here to remove low-frequency variation caused by multi-decadal and centennial environmental trends such as the 20th century reduction of sea ice (Hetzinger et al., 2021). For detrending, a 32-year cubic spline with a 50% frequency response (default setting in COFECHA) was applied to annual growth increment measurements for each of the transects, and growth increments or Mg/Ca values were divided by the value predicted by the spline to yield dimensionless indices. Any remaining autocorrelation was removed using low-order autoregressive models to ensure that all standardized measurement time series were serially independent and thus meet the assumptions of correlation analysis (Holmes, 1983). Correlations between each standardized set of measurements and the average of all others were broken into 50-year segments overlapping by 25 years. If a dating error had occurred, correlations would drop noticeably in the years preceding the error. Thus, dividing measurements into segments provides a way to narrow the location of dating errors in the dataset. Non-significant correlations (p > 0.01) flagged by COFECHA as possible dating errors (e.g., locally absent or false ring) were manually re-evaluated using the sample images and Mg/Ca measurement series and corrected (e.g., by adding or removing a ring boundary) where a dating error could be confirmed.



2.6 Master Chronology and Two-Sample Master Chronologies

Once all three samples’ (i.e., 2, 15, and 41) chronologies (n=6 transects) were crossdated and validated with COFECHA, raw growth increment and calibrated annual Mg/Ca maxima for each transect (n=2 transects per sample) were individually averaged to produce samples averages (n=3 sample averages). Sample averages were converted into anomalies (see section 2.1) and averaged between samples to produce a Master chronology (Figures 8, 9).

The strength of crossdating was assessed with 49-year running correlations (Figures 6, 7). Each detrended sample timeseries was evaluated in comparison to the average of the two other crossdated specimens (identified as two-sample master chronology). For example, crossdated timeseries of sample 2 was correlated to the two-sample master chronology of samples 15 and 41 in Figures 6D, 7D.



2.7 Sea Ice-Related Records

Non-crossdated timeseries and the crossdated chronology were compared to different sea ice-related records. Records used include: 1) Atlantic Multi-decadal Oscillation (AMO) 10-year running mean smoothed from the Kaplan SST V2, calculated at NOAA PSL1 (http://www.psl.noaa.gov/data/timeseries/AMO/); 2) Annual sea ice concentrations (SIC) for summer averages (May-Oct) were extracted from the gridded National Snow & Ice Data Center (NSIDC) Sea ice Concentration Data Set (Version 3) (https://nsidc.org/data/g02202; (Peng et al., 2013; Meier et al., 2017) for a 75 km2 area around the Beechey Island algal collection site (for more information on procedure see (Leclerc et al., 2021); 3) Long-term annual summer (May-Oct) sea ice concentration were extracted from the HadISST record (1° resolution) from KNMI Climate Explorer tool (https://climexp.knmi.nl) and; 4) Winter (Jan-Apr) Labrador Sea Ice Export record was extracted? from Hill and Jones (1990).




3 Results


3.1 Inter-Observer Study

When given the same data (high-resolution sample images and Mg/Ca ratios), individual observers provided estimates of differing timeseries lengths. The range of years identified by each observer diminished with each step of age model construction (Table 1). After reviewing calibrated Mg/Ca ratios, the difference in record length reported among observers was 18-62 years; equivalent to 8-29% of the entire record length. This difference reduced to 15-22 years after adding the visual interpretation of increments in high-resolution images, accounting for 7-14% of the entire record length. Finally, after refining age models based on regional satellite sea ice concentration records, the difference in length was further reduced to 8-19 years, corresponding to 5-9% of the entire length of records. The results of the inter-observer study highlight that a degree of subjectivity is imbedded in non-crossdated age model interpretation.


Table 1 | Results of inter-observer study reporting number of years identified in each transect after each step outlined in methods section 2.2.





3.2 Intra- and Inter-Sample Replicability of Growth Increments Prior to Crossdating

Inter-series correlations were positive and statistically significant within samples, indicating strong transect agreement for both methods (visual and Mg/Ca-visual) (Table 2). Inter-series correlations were much lower when calculated among samples for both methods. However, the Mg/Ca-visual method produced generally higher intra- and inter-sample inter-series correlations. (Table 2 and Figure 4) Further, the correlation between satellite Sea Ice Concentrations (SIC) and the visual mean chronology was less strong than that between SIC and the Mg/Ca-visual mean chronology (Table 2). Accordingly, the subsequent crossdating process was continued solely with the Mg/Ca-visual chronologies.


Table 2 | Comparison of intra- and inter-sample COFECHA calculated inter-series correlation (i.e., ISC: 50-year windows) of annual growth increment widths.






Figure 4 | Growth anomalies of non-crossdated annual growth increments for all samples. Only sample averages shown here. All yielded significant intra-sample correlations (Table 2). Timeseries developed with Mg/Ca-visual methods (top panel – red box) and visual methods (lower panel) shown.





3.3 After Crossdating

Intra-sample and inter-sample inter-series correlations remained positive and significant throughout the length of the growth increment record (p<0.05; 49-year windows) and were consistently higher compared to non-crossdated timeseries (Table 2; Figures 5, 6). Each specimen correlated significantly to the two-sample master chronologies (the average of the two other samples) (Figures 6D–F). However, steep drops in inter-sample correlation were observed around 1946 (window: 1921-1970) and 1931 (window 1917-1956), suggesting two brief periods of reduced growth synchrony among samples (Figures 6E–G). Annual Mg/Ca maxima contain much more individual-level variability than increment widths and yielded lower inter-series correlations (Table 2; Figures 7D–F). The positive inter-series correlations (Table 2), while weak, hint at a common environmental signal affecting interannual variability, but more samples may be required to isolate that common Mg/Ca signal (Figures 7A–C). Further, detrended Mg/Ca maxima and increment widths (averages between transects) significantly correlate to one another within each sample (2: r=0.55, p<0.00001; 15: r=0.45, p<0.00001; and 41: r=0.60, p<0.00001), showing that some environmental drivers of growth and Mg/Ca variability are shared.




Figure 5 | All crossdated growth increment data presented as detrended growth timeseries (A–C). Data from individual transects are plotted as thin lighter lines and sample averages as thicker darker lines. Intra-sample replicability presented as plotted R-values of running correlations (49-year windows) (D–F). Flat black lines represent threshold of significance (p < 0.05). All samples have significant intra-sample correlations throughout timeseries lengths.






Figure 6 | Individual sample timeseries (thin coloured lines A–C) compared to average of all other sample-mean series (black). Grey vertical bars highlight periods of strong coherence. Running correlations between samples presented as plotted R-values of running correlations (49-year windows) (D–F). Flat black lines represent threshold of significance (p < 0.05). Average inter-series correlation between all specimens (Ravg) plotted in lowest panel (G).






Figure 7 | Individual detrended crossdated chronologies for annual Mg/Ca maxima (thin coloured lines A–C) compared to the averaged timeseries of the other two crossdated specimens (i.e., two-sample master chronology: black). Grey vertical bars show highlighted periods of synchrony. Running correlations between samples presented as plotted R-values of running correlations (49-year windows) (D–F). Flat black lines represent threshold of significance (p < 0.05). Average inter-series correlation between all specimens (Ravg) plotted in lowest panel (G).



Correlation coefficients between sample averages and summer sea ice concentrations were significant for only 2 specimens prior to crossdating (Figure 8; left panel), but significant for all 3 specimens following crossdating. Crossdating also produced a stronger correlation between sea ice concentrations and the master chronology (Figure 8D). Notably, crossdating improved correlations between individual timeseries and SIC for all samples except sample 2, where correlations remained similar (non-crossdated: r = -0.63; crossdated: r= -0.62). Averaging two samples slightly improved correlations to SICSUMMER. Average correlation of sea ice concentrations correlated with individual timeseries: r = -0.591; and correlated with the averaged timeseries of two specimens: r = -0.599. The highest correlation between the average of two samples and SIC was achieved with the average of sample 2 and 41 (r = -0.701) but was still marginally lower than the correlation coefficient yielded with three combined sample averages (r = -0.716).




Figure 8 | Relationship between regional summer sea ice concentrations (SIC; blue) and standardized algal growth anomalies (averaged transects for each sample; A–C black) before (left) and after (right) crossdating. Growth anomalies inversed on y-axis due to hypothesized negative relationship between growth and sea ice cover. Master chronology of all averaged timeseries presented in black (D). All correlation coefficients between individual timeseries/master chronology and SIC reported as R-values.



The master chronology was downsampled to a 10-year running mean to test correlation to AMO; a smoothed 10-year resolution record; and showed a significant correlation of r=0.4 (n=130 years, p< 0.00001; Figure 9). At an annual resolution, correlations with winter Labrador Sea Ice Export (LSIE) and HadISST sea ice concentration records were significant but low (p<0.01) (Figure 9). However, when downsampled to a 5-year running mean, correlations became much more significant (p<0.00001). Notably, correlations with LSIE were strongest in the early record, especially if a 1-year lag was imposed to LSIE) and less so after 1958.




Figure 9 | Relationship between crossdated master chronology (thick black line) and long-term sea ice-related records. Algal growth increments standardized as anomalies. Individual algal sample averages (grey); AMO: (May-October; brown); HadISST (data gathered from KNMI Climate Explorer 1° spatial resolution; 79-80°N to 91-92° W); dark blue, missing years shown in dotted black line); Labrador Sea Ice Extent (i.e., LSIE; Jan-Apr average; *1-year lag (Hill and Jones, 1990). Light black line in LSIE and HadISST records are 2-year running means.






4 Discussion

Our inter-observer study showed that non-crossdating methods are prone to integrating dating errors. Observers given the same high-resolution sample images and Mg/Ca ratios produced records with varying lengths for samples 2 and 15 between ±5 years/century and ±9.3 years/century, respectively. Further, comparison of two non-crossdating age model methods (i.e., Mg/Ca-visual, or visual methods) showed that both methods had a degree of replicability within samples, but correlations between algal specimens were weak and not statistically significant. A previous study found significant correlation between growth increments and satellite sea ice concentrations at 7 arctic sites (Leclerc et al., 2021), suggesting a common driver of growth and that crossdating methods may therefore be helpful to reduce inter-sample variability. The aforementioned study produced short chronologies (n = 37 years), that likely suffered from some age model misinterpretation, which was addressed by down-sampling data to a 5-year average resolution to reduce the effect of misidentified or incorrectly measured increments. However, smoothing filters dampen interannual patterns of growth variability, add autocorrelation, and thus hamper the ability to produce annually resolved timeseries, limiting their usefulness for climate model calibration and reconstruction. A considerable concern for confident and accurate dating of longer algal timeseries is that errors rates propagate with time. When producing multi-century timeseries, an error rate of ± 5 years/century could compound to a total error of ±10 years after 200 years, and ±30 years after 600 years. Crossdated timeseries are not limited by propagating errors, have greater intra- and inter-sample replicability, and produce master chronologies that better isolate the climate signal, especially at interannual timescales.

Crossdating was also helpful in diagnosing locally absent years and lags, and in interpreting reasons for lower intra-sample replicability. Several locally absent years were identified in the crossdated timeseries of sample 2. Sample 2 does not have any gaps in the averaged timeseries from its two transects, but crossdating of Mg/Ca cycles against other samples showed that both transects had locally absent year(s), some of which were present in one transect and not the other (Supplementary Figure 1.1). Furthermore, sample 15 had a locally absent increment for the most recent year of the record (2015), and therefore the entire timeseries was ‘lagged’ by one year. This 1-year lag was caused by a growth unconformity (i.e., growth gaps) mistaken initially for the meristem, made clear when crossdating and by superimposing Mg/Ca cycles over the high-resolution image. Accordingly, lags between coralline algae records and environmental variables in previous studies using one sample per site or without crossdating, may be spurious due to a missed or falsely added ring (e.g., (Hou et al., 2018; Hetzinger et al., 2019; Leclerc et al., 2021). Additionally, we found noticeably lower running correlation values for transects within sample 2, and excluded measurement timeseries in samples 15 and 41 (see section 2.1, Figure 3). We excluded these two measurement timeseries from subsequent crossdating analyses due to their poor coherence to the broader sample set. Like the transects from sample 2, removed transects were spatially further apart than the two transects retained for crossdating, had more neighboring conceptacles and bioerosion, followed a slightly different growth axis, and thus may have had disparate access to sunlight perhaps due to irregular shading from macroalgae overgrowth (Williams et al., 2018b). Accordingly, crossdating was able to identify: 1) transects with non-synchronized growth, likely due to transects that tracked periods of irregular or interrupted growth patterns, to eliminate from the master chronology; 2) locally absent increments difficult to interpret when only working with one sample, and; 3) periods of lower intra-sample covariability.

Our findings mirror results of other crossdated proxies that showed that non-crossdated mean dating series with interpretation errors correlated less strongly with environmental variables than crossdated chronologies (Black et al., 2016). Our crossdated and pre-crossdated age models were not refined, biased or forced to correlate to environmental data. On the contrary, a published non-crossdated mean dating series (n = 37 years) of the same Beechey samples presented slightly higher correlations to SIC (Leclerc et al., 2021: r = -0.74); r = -0.716: this study) however, low inter-series correlations demonstrated that growth was not synchronized between samples likely due to age model construction being biased towards satellite SIC records. The results of our study showed that high and significant relationships between growth and SIC can still be achieved without validating age models through environmental record comparison.

The Beechey Island master chronology shows a correlation (decadal resolution) with Atlantic Multi-decadal Oscillation Index a climate pattern that controls sea surface temperature and sea ice variability (Miles et al., 2014). This correlation is particularly strong in the mid-record when the positive phase of AMO is equivalent to warmer temperatures, longer growing seasons, and thus, larger growth increments (Figure 9). Our results are similar to previous findings that showed that growth increments (Halfar et al., 2011) and Ba/Ca ratios (Chan et al., 2017) in C. compactum samples collected from the coast of Newfoundland and the Gulf of St. Lawrence also correlated to AMO. Furthermore, the crossdated Beechey Island record had significant correlations to the HadISST sea ice concentration record and the early sections of the historical Labrador Sea Ice Export record (1880-1958 at a 1-year lag). The loss of correlation in recent decades may be due to the rapid decline of Labrador’s sea ice extent compared to the Canadian Arctic Archipelago’s, which has had a slower decline (Cavalieri and Parkinson, 2012) (Figure 9). These findings suggest long-term algal growth responds to seasonal sea ice conditions, and limited dating errors of the Beechey Island crossdated master chronology, as propagating dating errors would significantly skew correlations.

An important consideration is that the number of replicates crossdated here is relatively low. For tree-ring crossdating, typically at least 2 replicate cores from 20 trees (40 cores total) are crossdated to ensure that all locally absent and false rings are identified (Fritts, 1976). For C. compactum-based crossdating, the high analytical and acquisition costs and low yields of high-quality specimens from collection sites (i.e., samples with uninterrupted regular growth layers, spared of predator grazing, and with a low concentration of conceptacles) are significant limitations to acquiring a large sample size for crossdating. However, if effective crossdating can be achieved with a few analyzed algal samples, this approach represents a great opportunity to improve the quality and reliability of algal paleo-environmental records. Furthermore, in the case of the oldest sample (sample 41), the earliest increments did not overlap in time with any of the other samples, and only had intra-sample replicates. Accordingly, these un-crossdated early sections should cautiously be used for paleo-environmental reconstruction. While a high-quality older specimen is highly valuable for reconstruction purposes, it is also rarer, and unlikely to have external replicates. We recognize this to be a limitation of all long-term chronologies.

Inter-series correlations between C. compactum growth timeseries (n=6) are comparable to those attained from other crossdated biogenic proxies but remain lower than timeseries from some trees, fish otoliths, and bivalves (Tables 2, 3). A possible reason for C. compactum’s lower replicability is its very narrow increments (20-30 μm) formed in the high arctic during years with a lot of sea ice. Most modifications to chronologies during the crossdating process were made on ambiguous sections of growth or Mg/Ca cycles and tended to be thinner increments easily missed, a feature that may be common among all C. compactum chronologies in the high Arctic. We see a similar issue with Pacific geoduck bivalves that are systematically underaged due to narrow increments difficult to identify during slow growing periods, especially in older specimens (Black et al., 2008b). Therefore, it is important to acknowledge that narrow increments from high arctic C. compactum specimens may introduce some uncertainty to records.


Table 3 | Inter-series correlations (ISC) of inter-sample growth replicability compared between other crossdated biogenic proxies.




4.1 Outlooks and Recommendations

As a summarizing recommendation for future studies, crossdating should continue to be incorporated so algal growth data can accurately be used to reconstruct past sea ice conditions and other environmental variables. Doing so will increase accuracy and reliability of algal chronologies and enhance signal-to-noise ratio, enabling well-dated paleo-environmental reconstructions. For annual algal records of carbon isotopes (δ13C), magnesium to calcium ratios (Mg/Ca), barium to calcium ratios (Ba/Ca), and annual algal growth increments, crossdating at least two C. compactum specimens can reduce dating errors. In southern regions of the species distribution, where individual growth is more variable, Mg/Ca ratios may be more suitable for crossdating if more than three specimens are analyzed. If a single specimen produces visibly distinct growth boundaries and Mg/Ca cycles, while others are less defined, the clear specimens can be utilized as the base for the iterative crossdating process. When interpreting poorly defined growth increments and Mg/Ca cycles, analysts can crossdate sections before and after poorly defined increments against the master chronology to determine the presence of any missing or false rings. Analysts can also detrend data to extract intra- and inter-sample variability and reduce the potentially spurious effect of long-term trends on correlations. Once samples are crossdated, original or normalized growth increment widths (i.e., anomalies) can be averaged, and this master chronology used to assess the relationship with environmental variables. Given the difficulty of visually identifying narrow increments in some samples, optical improvements would be another significant methodological advancement. The future application of visual increment enhancements, such as Mutvei solution staining (Siebert et al., 2020) applied to high arctic specimens in conjunction with crossdating, could be considered for future study.




5 Conclusion

Joining a growing body of sclerochronologists (Helama et al., 2006; Black et al., 2016), we advocate for crossdating in age model construction of biogenic increment-yielding paleo-environmental archives. This proof-of-concept study reveals human bias in non-crossdated C. compactum timeseries and highlights the value of crossdating. Here we demonstrate that crossdating improves intra- and inter-sample replicability and enhances the relationship between algal growth and sea ice records. Growth synchrony between samples, and strong correlations to regional sea ice conditions highlights the strong and shared environmental control of sea ice on algal growth. While the application of crossdating methods to algal data is a lengthy process, it is also necessary to form a network of well-dated proxy records in order to understand the spatial and temporal variability of sea ice behavior, which can also be incorporated into modelling predictions.
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Coralline algae are important components in a large variety of ecosystems. Among them, rhodoliths are a group of free-living coralline red algae that cover extensive coastal areas, from tropical to polar regions. In contrast to other ecosystem engineers, limited research efforts preclude our understanding of their physiology, underlying mechanisms, drivers and potential differences related to species under varying environments. In this study, we investigated the photosynthetic and calcification mechanisms of six Atlantic rhodolith species from different latitudes, as well as intra-specific differences in one species from four locations. Laboratory incubations under varying light levels provided simultaneous photosynthesis- and calcification-irradiance curves, allowing the assessment of inter- and intra-specific differences on the coupling between these two processes. Stable isotope analysis and specific inhibitor experiments were performed to characterize and compare carbon-concentrating mechanisms (CCMs), as well as the involvement of specific ion-transporters for calcification. Our findings showed significant differences in rhodolith physiological mechanisms that were partially driven by local environmental conditions (light, temperature). High variability was found in the coupling between photosynthesis and calcification, in CCM-strategies, and in the importance of specific ion transporters and enzymes involved in calcification. While calcification was strongly correlated with photosynthesis in all species, the strength of this link was species-specific. Calcification was also found to be reliant on photosynthesis- and light-independent processes. The latter showed a high plasticity in their expression among species, also influenced by the local environment. Overall, our findings demonstrate that (1) rhodolith calcification is a biologically-controlled process and (2) the mechanisms associated with photosynthesis and calcification display a large variability among species, suggesting potential differences not only in their individual, but also community responses to environmental changes, such as climate change.




Keywords: calcification mechanism, carbon-concentrating mechanism (CCM), coralline algae (maërl), photosynthesis-calcification relationship, rhodolith beds



Introduction

Free-living coralline algae are known to form major marine carbonate-producing ecosystems, so-called rhodolith beds that provide habitat for a high diversity of fauna and flora (Riosmena-Rodriguez et al., 2017). These ecosystems occupy extensive areas around the world, from polar to tropical regions (Foster, 2001; Riosmena-Rodriguez et al., 2017), and the increasing number of recent discoveries (e.g., Harvey et al., 2017; Rebelo et al., 2018; Sreeraj et al., 2018; Bracchi et al., 2019; Jeong et al., 2019; Adams et al., 2020; Otero-Ferrer et al., 2020; Ribeiro and Neves, 2020; Neves et al., 2021; Ward et al., 2021), and global distributional models (Fragkopoulou et al., 2021; Rebelo et al., 2021), suggest that rhodolith beds may have an even wider distribution than anticipated, mainly shaped by temperature, light, pH, nutrients and water current velocity (Carvalho et al., 2020; Fragkopoulou et al., 2021; Sissini et al., 2021).

Despite their worldwide distribution and the acknowledged ecological services that rhodolith beds provide in coastal regions (Riosmena-Rodriguez et al., 2017), knowledge regarding organism- and community-level physiological performance and productivity is still scarce and regionally focused, e.g. in Europe (Figure 1A). At the community level, a few studies have been performed on temperate European rhodolith beds, to determine rhodolith-bed productivity or in situ effects of ocean acidification (Martin et al., 2005; Martin et al., 2007a; Attard et al., 2015; Burdett et al., 2018). Similarly, at the organismal level, our understanding of rhodolith physiological mechanisms and species-specific differences is still majorly lacking. A recent analysis identified a total of 106 rhodolith-forming species worldwide (Rebelo et al., 2021), though at a global scale, scattered physiological information is currently available for 15 species only (Figure 1A).




Figure 1 | (A) Overview of rhodolith species and locations for which primary production and/or calcification rates have been reported. Sampling locations of rhodolith species studied in this work are indicated by red triangles (1- Galway, Ireland; 2- Armação de Pêra, South Portugal; 3- Bicudas, Porto Santo Island, Portugal; 4- Caniçal, Madeira Island, Portugal; 5- Arguineguín, Gran Canaria, Spain; 6- Gando, Gran Canaria, Spain; 7- Arvoredo, South Brazil). (B) Studied rhodolith species and their respective sampling location and depth (in parenthesis). Map was downloaded from Mapswire (https://mapswire.com/). (1Martin et al., 2005; 2Martin et al., 2007a; Martin et al., 2007b; 3Attard et al., 2015; 4Burdett et al., 2018; 5Littler et al., 1991; 6Büdenbender et al., 2011; 7Kamenos et al., 2013; 8Schoenrock et al., 2018; 9Legrand et al., 2021; 10Martin et al., 2006; 11Noisette et al., 2013a; 12Noisette et al., 2013b; 13Legrand et al., 2017; 14Legrand et al., 2019; 15Qui-Minet et al., 2019; 16Qui-Minet et al., 2021; 17Kim et al., 2020; 18Schubert et al., 2019; 19Carvalho et al., 2020; 20Schubert et al., 2021a; 21Reynier et al., 2015; 22Figueiredo et al., 2012; 23Steller et al., 2007; 24King and Schramm, 1982; 25Sordo et al., 2016; 26Sordo et al., 2018; 27Sordo et al., 2019; 28Sordo et al., 2020; 29Schubert et al., 2021b; 30Zweng et al., 2018; 31Vásquez-Elizondo and Enríquez, 2016; 32Cornwall et al., 2017; 33Semesi et al., 2009; 34Payri, 1997; 35Cornwall et al., 2018; 36Comeau et al., 2018; 37Comeau et al., 2019a; 38Comeau et al., 2019b; 39Narvarte et al., 2020).



Overall, coralline algal species have been shown to express a high variability regarding their physiological performance under similar environmental conditions (e.g., Chisholm, 2000; Chisholm, 2003; Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021; Schubert et al., 2021a), which suggest differences in physiological mechanisms and/or the extent to which they are expressed. This assumption is supported by recent studies that showed a high plasticity in inorganic carbon uptake strategies for photosynthesis (Hofmann and Heesch, 2018; Zweng et al., 2018; Bergstrom et al., 2020). Also, comparisons among different species, from the same habitat, suggest a variability in the strength of the coupling between photosynthesis and calcification (Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021). The direct relationship between these processes was demonstrated early on (Digby, 1977; Pentecost, 1978; Borowitzka, 1981; Borowitzka, 1987) and is supported by recent studies (e.g., Martin et al., 2013; Vásquez-Elizondo and Enríquez, 2016; Sordo et al., 2019), which showed a decline in calcification upon inhibition of photosynthesis (Hofmann et al., 2016; McNicholl et al., 2019). This link has been related to an elevation of the pH at the calcification site due to photosynthetic activity. Considering differences in species’ metabolic rates (Chisholm, 2000; Chisholm, 2003; Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021) and morphological traits, which affect pH conditions in the diffusive boundary layer (DBL; Cornwall et al., 2017; Schubert et al., 2021a) that are positively correlated with the pH of the calcifying fluid (pHcf; Comeau et al., 2019a), it can be assumed that its strength varies among species. Furthermore, coralline CaCO3 precipitation in the dark, with lower and highly variable rates among species (e.g., Chisholm, 2000; Vásquez-Elizondo and Enríquez, 2016; Qui-Minet et al., 2021; Schubert et al., 2021a), and when photosynthesis is inhibited (Hofmann et al., 2016; Hofmann et al., 2018) suggests that calcification is partially independent from photosynthesis. Hence, the relationship between the two processes might be species-specific.

Coralline algal calcification occurs within the cell walls, up to three cell layers deep (primary calcification), while secondary calcification can occur as inferfilament precipitation between cells and conceptacle in-filling (Borowitzka, 1987; Adey et al., 2013). The physiological process of calcification in coralline algae is still poorly understood, though over the last decade several conceptual models have been proposed. It has been suggested that calcification is a biologically induced, rather than a controlled process, associated with cell wall organic-matrix-induced mineralization (Nash et al., 2019). However, mechanistic studies and derived models suggest that coralline algae exert some control over the calcification process, by promoting favorable conditions for CaCO3 precipitation through photosynthesis and active dissolved inorganic carbon (DIC) and ion transport pathways (Comeau et al., 2013; Koch et al., 2013; Hofmann et al., 2016; Cornwall et al., 2017; McNicholl et al., 2019). Recent studies showed that the extent of photosynthesis-promoted increase of pH in the DBL (pHDBL) is species-specific and influenced by external seawater pH, but also by species’ morphology, due to its strong influence on DBL thickness (Cornwall et al., 2017; Hofmann et al., 2018; Schubert et al., 2021a). Further evidence suggests that it is coupled to the activity of the external carbonic anhydrase (CAext) and active influx and efflux of protons (Hofmann et al., 2016). In fact, it is generally assumed that an active proton transport exists in the form of an antiport, symport and/or a proton pump, likely involving HCO3-/H+ and/or OH-/H+ symport and/or a Ca2+-driven ATPase (Okazaki, 1977; Borowitzka, 1987; McConnaughey and Falk, 1991; Mori et al., 1996; Comeau et al., 2013; Koch et al., 2013; Hofmann et al., 2016; Cornwall et al., 2017; Hofmann et al., 2018; McNicholl et al., 2019). In addition, microsensor studies demonstrated (a) the presence of a light-induced, but photosynthesis-independent mechanism that contributes to the pH dynamics at the algal thallus surface (Hofmann et al., 2016; Hofmann et al., 2018; McNicholl et al., 2019), and (b) that an elevated thallus surface pH in darkness in an Artic rhodolith may sustain calcification under these conditions (Hofmann et al., 2018). Finally, Comeau et al. (2019a) demonstrated a linear relationship between the pH gradient in the DBL and the pHcf, which suggests that the elevation of the pHDBL favors the export of protons from the calcification site by reducing the proton gradient between the calcifying fluid and the bulk seawater.

Reviewing available information for rhodoliths, it becomes evident that only a few studies have focused on a general physiological characterization, including information on specific rates of photosynthesis and/or calcification, productivity estimates, seasonal variation in physiological rates and/or a physiological comparison among species (Littler et al., 1991; Payri, 1997; Martin et al., 2006; Martin et al., 2007a; Martin et al., 2007b; Sordo et al., 2020; Qui-Minet et al., 2021; Schubert et al., 2021a). Even less information is available regarding the mechanisms driving rhodolith photosynthesis and calcification (Cornwall et al., 2017; Hofmann and Heesch, 2018; Hofmann et al., 2018; Zweng et al., 2018). Essentially, most physiological data derive from studies that assessed the effects of climate change-related and other environmental factors on rhodolith performance (King and Schramm, 1982; Steller et al., 2007; Semesi et al., 2009; Büdenbender et al., 2011; Kamenos et al., 2013; Noisette et al., 2013a; Noisette et al., 2013b; Sordo et al., 2016; Vásquez-Elizondo and Enríquez, 2016; Cornwall et al., 2017; Legrand et al., 2017; Schoenrock et al., 2018; Sordo et al., 2018; Zweng et al., 2018; Legrand et al., 2019; Sordo et al., 2019; Comeau et al., 2019a; Comeau et al., 2019b; Qui-Minet et al., 2019; Schubert et al., 2019; Carvalho et al., 2020; Kim et al., 2020; Legrand et al., 2021; Schubert et al., 2021b). These studies show that rhodoliths express a wide array of responses to environmental changes (see also Martin and Hall-Spencer, 2017), suggesting a high variability in the mechanisms related to photosynthesis and calcification. Thus, the goal of this study was to advance our knowledge regarding these mechanisms and to identify potential species-specific differences, which could explain their variable responses and would allow identifying potential patterns. For this purpose, a general physiological characterization and comparison of rhodolith-bed forming species was performed, at the inter- and intra-specific level, specifically focusing on the mechanistic coupling between photosynthesis and calcification and potential species-specific and environmentally driven variability. Additionally, inorganic carbon uptake pathways for photosynthesis and calcification, as well as the importance of ion-transporters for these processes were compared among species.



Materials and Methods


Study Locations and Sample Collections

Individuals of the predominant rhodolith species from rhodolith beds in Europe, off the coast of northwestern Africa and Brazil were collected by SCUBA diving (Figure 1) and kept under laboratory conditions during the time required for the measurements (for details see Supplementary Material). Samplings were undertaken during the respective warm seasons (early to late summer, 2017-2021), at depths between 5 and 33 m (Table 1). Also, light attenuation profiles in the water column were obtained (n=5-6 per location), using an underwater quantum sensor (LI-192, LI-COR Environmental, USA), attached to a LI-250A Light Meter (LI-COR Environmental, USA), to calculate light attenuation coefficients (Kd) for the different locations.


Table 1 | Overview of the studied species, the locations they were collected and the respective depths and environmental conditions at the time of collection.





Species Identification

Species were identified based on previous molecular identification of specimens collected at the sampling locations and diagnostic morphological characters, including: Lithothamnion crispatum Hauck (Farias et al., 2010), Melyvonnea erubescens (Foslie) Athanasiadis & D.L.Ballantine (Sissini et al., 2014), Lithophyllum atlanticum Vieira-Pinto, M.C.Oliveira & P.A.Horta (Vieira-Pinto et al., 2014), Phymatolithon sp. (Madeira and Porto Santo Islands; Neves et al., 2021), and Phymatolithon lusitanicum V.Peña (Carro et al., 2014; Pardo et al., 2014; Peña et al., 2015a).

Specimens collected in Gran Canaria (the Canary Islands) were morphologically similar to the rhodolith species Phymatolithon sp., collected in nearby Madeira and Porto Santo Islands (Neves et al., 2021). To confirm their conspecificity, their identification was done using molecular tools. DNA was extracted from a selection of eight specimens from two locations (six from Arguineguín, and two from Gando), using a E.Z.N.A.® Tissue DNA Kit (Omega Bio-tek, United States) and following the manufacturer protocol. The psbA locus was amplified using primer pairs: psbA-F1/psbA-R2 (Yoon et al., 2002) and the thermal profile for the PCR reaction followed Peña et al. (2015b). The PCR product was purified and sequenced by the SAI-UBM department of the University of Coruña, Spain. Sequences were assembled with the assistance of CodonCode Aligner® (CodonCode Corporation, USA), adjusted by eye using SeaView version 4 (Gouy et al., 2010), and submitted to the Barcode of Life Data Systems (BOLD, Ratnasingham and Hebert, 2007) and GenBank. Estimates of genetic distance (uncorrected p-distances) between the eight psbA sequences generated in the present study and 29 publicly available sequences of the rhodolith species Phymatolithon sp. from the Madeira archipelago were calculated in MEGA v. 6 (Tamura et al., 2013). The low pairwise sequence divergence found between both regions (<0.6%, 0–5 bp difference) supported conspecificity of rhodolith collections and therefore, the identification of the Canary Islands rhodoliths as Phymatolithon sp.

Similarly, the identification of Phymatolithon calcareum (Pallas) Adey & McKibbin from Ireland was confirmed using molecular tools. The DNA of five specimens, collected in the Irish locality of Ardeast (Table 1), was extracted using a NucleoSpin® 96 Tissue kit (Macherey-Nagel, GmbH and Co. KG, Germany). The mitochondrial COI-5P fragment was PCR-amplified using the primer pair GazF1 and GazR1 (Saunders, 2005). The thermal profile for amplification and PCR reaction was as described above and the PCR products were purified and sequenced at the Muséum National d’Histoire Naturelle y Eurofins (Eurofins Scientific, Nantes, France). Sequences were assembled and analyzed as described above. The estimates of genetic distance (uncorrected p-distances) between the four COI-5P sequences, obtained from our collection and 96 publicly available sequences of P. calcareum, mainly from Atlantic European coasts (Pardo et al., 2014), were calculated in MEGA v. 6 (Tamura et al., 2013). The low pairwise sequence divergence found (<0.7%, 0–5 bp difference) supported the identification of P. calcareum.



Photosynthesis- and Calcification-Irradiance Curves

Rhodolith individuals from each site (n=5 per species and location) were incubated at their respective temperature, recorded during sample collection (Table 1), with filtered seawater (0.45 µm) in sealed custom-made plexiglass chambers (V=150 mL) with internal circulation provided by a magnetic stirrer. After an initial incubation in darkness to determine dark respiration rates (RD), rhodoliths were exposed to a series of increasing light intensities and, subsequently, they were again incubated in darkness to determine post-illumination or light respiration rates (RL).

The incubation time at each light intensity varied between 0.5 h, for the subtropical Brazilian species, to 1 h for the other species; this was based on previous incubations, testing different incubation times, to assure a high enough signal-to-noise ratio for measuring oxygen concentration and alkalinity. At the beginning and end of each incubation, the oxygen concentration was measured with an oxygen meter (Fibox 4, PreSens, Germany) and water samples were taken, poisoned with HgCl2 and stored in borosilicate tubes (two tubes per incubation chamber, V=25 mL each) for later estimation of calcification rates. Afterwards, the rhodoliths were dried (48 h at 60°C) and their surface area was determined by the wax-dipping method (Schubert et al., 2021a), to normalize metabolic and calcification rates and calculate surface area to dry weight ratios (SA/DW).

Gross photosynthetic rates (GP) were calculated by adding respiration rates (average of RD and RL) to the measured net photosynthetic rates (NP). The photosynthetic quantum efficiency (α) was estimated from the initial slope of the light response curve, by linear least-squares regression. Irradiance of compensation (Ec) was calculated from the ratio RD/α, and the saturation irradiance (Ek) from the ratio Pmax/α. The maximum photosynthetic rates (NPmax and GPmax) were obtained from the average of the maximum values above saturating irradiance. Calcification rates of the rhodolith species were determined from alkalinity measurements of seawater samples before and after each incubation, using the alkalinity anomaly principle, based on the ratio of two equivalents of total alkalinity per each mole of CaCO3 precipitation (Smith and Kinsey, 1978). For alkalinity (TA) measurements, duplicate analyses of each sample were performed, using the Gran titration method (Hansson and Jagner, 1973; Bradshaw et al., 1981). The samples were titrated with HCl 0.1 M, using an automated titration system (Titroline 7000, SI Analytics, Mainz, Germany), coupled to an autosampler (TW alpha plus, SI Analytics, Mainz, Germany). Data were captured and processed with a computer, using Titrisoft 3.2 software (SI Analytics, Mainz, Germany). For quality control, a certified reference material of known total alkalinity was used to calibrate the method (CRMs, Batch No. 160; supplied by the Marine Physical Laboratory, Scripps Institution of Oceanography, USA), yielding TA values within 5 μmol kg-1 of the certified value. Similar to photosynthesis, the maximum light calcification rates (max. GLight) and the initial slope of the Calcification-Irradiance curve (αG) were determined. Here, the saturation irradiance (Ek) was estimated as the ratio of max. GLight/αG. In a posterior analysis, calcification was fitted against the respective gross photosynthesis for the different light levels and the initial slope of the curves was estimated using linear least-squares regression. Furthermore, mean ratios of max. GLight/GPmax (mol CaCO3 precipitated per mol O2 evolved) were obtained by averaging the ratios of the light levels above saturation.



pH-Drift Experiments and δ13C Analysis

These experiments assessed the absence/presence of carbon-concentrating mechanisms (CCMs) in the studied rhodolith species. For this, rhodolith individuals (n=5 per species and location) were incubated at their respective temperature and saturating light conditions (~2-3Ek, derived from P-E curves) for 9-10.5 h and the pH of the seawater was measured with a pH meter (Metrohm, Switzerland), at the beginning and the end of the incubation. These experiments are based on the hypothesis that, if the seawater pH in the sealed incubation becomes greater than 9.0, no more CO2 is present, and it can be assumed that the species is able to uptake HCO3- during photosynthesis (Maberly, 1990). After the incubations, the chambers (without samples) were left open to the ambient air for re-calibration, making sure that the change in pH was due to the metabolism of the algae.

To identify potential differences among species regarding a preferential use of CO2 or bicarbonate (or both) for photosynthetic carbon assimilation (Maberly et al., 1992), the δ13C content of the algal tissue was analyzed. For this, rhodoliths (n=5 per species and location) were dried (48 h at 60°C) and afterwards placed in 1N HCl until the calcareous tissue was removed. The remaining tissue was rinsed with distilled water, dried again (48 h at 60°C) and grounded into a fine powder, using a porcelain mortar and pestle. The samples were then weighed into pressed tin capsules and sent to the Stable Isotope Facility at University of California, Davis for analysis, using an Elementar vario MICRO cube elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany) interfaced to a Sercon Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).



Inhibitor Studies

To gain insight into rhodolith carbon-concentrating and calcification mechanisms, and potential species-specific differences, their physiological responses to different inhibitors were measured. The specific inhibitor of PSII, 3-(3,4-Dichlorphenyl)-1,1-dimethylurea (DCMU, Sigma Aldrich) was dissolved in ethanol and added to the seawater to a final concentration of 10 µM. Acetazolamide (AZ, Sigma Aldrich), a specific inhibitor of the external carbonic anhydrase, which mediates hydrolysis of HCO3-, was dissolved in 10 mM NaOH and used at a final concentration of 0.125 mM (Hofmann et al., 2016). The anion exchange inhibitor 4,4’-Diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS, Sigma Aldrich) that blocks direct HCO3- uptake (Drechsler and Beer, 1991) was dissolved in dimethylsulfoxide (DMSO, Sigma Aldrich) and added at a final concentration of 0.6 mM. Ruthenium red (RR, Sigma Aldrich), a specific inhibitor of Ca-ATPase (Watson et al., 1971; Ip et al., 1991), and the Ca-channel inhibitor verapamil (VP, Sigma Aldrich) were both dissolved in DMSO and used at a final concentration of 100 µM (de Beer and Larkum, 2001; Marshall and Clode, 2003). The final concentrations of DMSO and ethanol in the inhibitor treatments were 0.1%.

Rhodolith photosynthetic, respiratory and calcification rates were determined before and after inhibitor treatment by incubating individuals (n=5 per species, location and inhibitor) at their respective temperatures for 0.5-1 h, at a saturating light intensity (~2-3Ek, derived from P-E curves), and subsequently for 0.5 h in darkness, to determine maximum photosynthesis and respiration rates, respectively. Also, water samples were taken before and after each incubation for later estimation of calcification rates, as described above. Afterwards, with exceptions of the treatments with DCMU and AZ, the same samples were incubated with the inhibitors for 1 h in darkness, to ensure complete penetration into the cells, and then incubated again in light as described above. In the case of DCMU, before incubating the samples with the inhibitor, they were kept in darkness for 1-1.5 h to ensure complete oxidation of the electron-transport chain after the previous light incubation, as this inhibitor attaches to the QB-site within PSII. On the other hand, AZ was added directly after finishing the control measurements of the samples, without the inhibitor, and the incubations were repeated, as the effect of this inhibitor is immediate (membrane impermeable inhibitor).



Statistical Analysis

Data were tested for normality and heteroscedasticity, using the Shapiro-Wilk and Levene’s tests, respectively, and when required, log-transformed to normalize the data (RD, GPmax/RD, α, Ek, Ec, GLight, αG). Physiological parameters were analyzed using one-way ANOVAs, with species as the between-subjects factor. In cases where significant differences were found, a Tukey’s HSD post hoc test was conducted to determine significant groupings. Paired sample t-tests were used to compare the data from the inhibitor studies (before and after inhibitor treatment). To visualize differential inhibitor response profiles among rhodolith species, heat maps were generated using Python 3.10.2, along with the Pandas 1.3.5 (McKinney, 2011), Matplotlib 3.5.1 (Hunter, 2007) and Seaborn 0.11.2 (Waskom et al., 2020) libraries.

To visualize multivariate similarities in physiological characteristics across the range of species and locations under varying environmental contexts, RDA (Redundancy Analysis) ordinations, with the ‘vegan’ R package (Oksanen et al., 2020) and further customization via the ‘ggord’ R package ((Beck 2017), were carried out as a constrained ordination technique. Separate RDAs were implemented for both photosynthesis and calcification responses. Bi-plots were then constructed, displaying each rhodolith species, and for intra-specific comparison of Phymatolithon sp. from the different locations, including predictive variables (light, temperature) as vectors of varying length and direction. The significance of these multivariate configurations was tested by the ‘anova.cca’ function, which also assessed the significance of each axis (component) to explain a significant amount of variation of the multivariate dataset. Variance inflation factors (VIFs) were always <5, indicating low collinearity among predictor variables for the RDA configuration in the bi-dimensional space.




Results


Physiological Performance of Rhodoliths and Associated Environmental Drivers

Both photosynthesis and calcification increased when rhodolith species were exposed to increasing light intensities, until reaching a saturation point after which their rates stabilized around a maximum value (Supplementary Figure S1). However, the rate of these increases and the maximum values differed between the two processes and among the rhodolith species. When plotted against each other, this resulted in significant species-specific differences in the relationship between photosynthesis and calcification, specifically in the initial slopes of the photosynthesis-calcification curves at sub-saturating irradiances (<Ek) and the maximum values reached (>Ek) (Figure 2; Table 2). Calcification increased with photosynthesis at rates of 0.11 to 2.26 mol O2 mol-1 CaCO3, while maximum ratios of GLight/GPmax ranged from 0.11 to 0.51 mol CaCO3 mol-1 O2 (Table 2). Among species, the cold-temperature Phymatolithon calcareum expressed the slowest increase of calcification with photosynthesis and the lowest ratio of max. GLight/GPmax, while the subtropical Brazilian species showed the fastest increases of CaCO3 precipitation with photosynthesis and the highest GLight/GPmax ratios (Figure 2; Table 2).




Figure 2 | Photosynthesis-calcification relationships for Atlantic rhodolith species (location, depth), obtained from light curves (dotted line indicates Ek). Data points represent mean ± SE (n=5).




Table 2 | Comparison of parameters derived from photosynthesis-calcification relationships in different Atlantic rhodolith species (Figure 2).



Differences among species were also reflected in their maximum photosynthetic performance (GPmax), which was lowest in Phymatolithon sp. from habitats with low light availability (20-33 m), also associated with the lowest Ek and Ec values (Figure 3A; Supplementary Table S1). On the other hand, the highest GPmax values were found in species from contrasting latitudes, such as the cold-temperate P. calcareum and the subtropical Phymatolithon sp. from Arguineguín (14 m) and Lithothamnion crispatum from South Brazil (8 m). While there was no clear pattern in GPmax, light calcification (GLight) was highest in the subtropical species, which inhabit depths under high light availability (20-21% of incident light), comprised of Phymatolithon sp. from Arguineguín (14 m) and the Brazilian species Lithophyllum atlanticum, Melyvonnea erubescens, and L. crispatum (Figure 3B; Supplementary Table S2). In contrast, dark calcification rates (GDark) varied among species and seemed to be rather species-specific. For example, the three southern Brazilian species from the same location and depth showed large differences in GDark, varying between positive and negative values (indicating night-time dissolution) (Figure 3B). The large variability was also reflected in the species’ GDark/GLight ratios, which ranged between 0.09-0.33, with the highest ratios expressed by Phymatolithon sp. from Gran Canaria (Supplementary Table S2).




Figure 3 | Rhodolith physiological performance. (A) Maximum gross photosynthetic rates (GPmax) and dark respiration (RD, striped bars), and (B) maximum light calcification (GLight) and dark calcification (GDark, striped bars) of Atlantic rhodolith species (mean ± SE, n=5). Significant differences among species are indicated by different lowercase (GPmax, GLight) and uppercase (RD, GDark) letters (ANOVA, Tukey’s HSD posthoc, p<0.05). Data represent mean ± SE (n=5).



Multivariate analysis of the overall photosynthetic performance identified clear differences between the cold-temperate P. calcareum and the other species (except for L. crispatum), while the other two Phymatolithon species showed a high similarity (Figure 4A). The redundancy analysis revealed that light availability and temperature in the species’ natural habitat collectively explained 36% of the total variance, with light exerting a larger influence, strongly correlating with Ek, Ec and RD (Figure 4A; Supplementary Table S3). Regarding calcification performance, the different Phymatolithon species showed similarities, but differed greatly from M. erubescens (Figure 4B). Here, light and temperature explained 18% of the variance, specifically exerting an influence on GLight and αG (Figure 4A; Supplementary Table S3).




Figure 4 | Influence of environmental factors on rhodolith physiological performance. Redundancy analysis (RDA) biplots show the contribution of local environmental conditions (light availability, temperature) to the variation in photosynthetic (A, C) and calcification parameters (B, D) of all studied Atlantic rhodolith species (A, B) and of Phymatolithon sp. sampled in different locations (C, D). Arrows represent correlations between environmental variables and the RDA axes, with arrow length indicating the strength of the correlation. Response variables are indicated by circles (GPmax, NPmax- max. gross and net photosynthesis; RD- dark respiration; α, alphaG- photosynthetic and calcification efficiency under subsaturating light intensities; Ek, Ec- saturating and compensatory light intensity; GLight, Gdark- max. light and dark calcification).



Intra-specific comparison of Phymatolithon sp. from four locations and depths showed no significant differences in the photosynthesis-calcification relationship, as rhodoliths from the different populations expressed similar initial slopes and max. ratios of GLight/GPmax, also similar to the South Portuguese species P. lusitanicum (Figure 2; Table 2). On the other hand, an increasing trend in GPmax, RD, GLight and GDark was found with increasing light availability and temperature (Figure 3; Supplementary Tables S1, S2). Redundancy analysis showed that rhodoliths from Arguineguín (Gran Canaria) differed greatly in their general physiological performance, relative to those from other populations (Figures 4C, D). Here, site-specific light and temperature conditions explained 51% and 57% of the intra-specific variance in photosynthetic and calcification performance, respectively. In the case of photosynthesis, light and temperature exerted a similar influence on the photosynthetic variability among locations, correlating with NPmax, GPmax and RD. The variability in calcification parameters was mostly correlated to differences in temperature among the locations, with weaker influence of light availability (Figures 4C, D; Supplementary Table S3).



Rhodolith CCM-Strategies

The δ13C values differed significantly among the rhodolith species (ANOVA, p<0.0001), ranging between -19.9‰ and -14.1‰ (Figure 5A). The highest values were found in the subtropical Brazilian species (-16.9 to -14.1‰), while the lowest value were expressed by P. calcareum, P. lusitanicum and Phymatolithon sp. (Bicudas, Porto Santo Island). These values were strongly and linearly related with the pH compensation points determined in six of the species (R2 = 0.90, p=0.0027), with all of them showing the capacity to reach pH≥ 9.0 (Supplementary Figure S2), suggesting the presence of CCMs.




Figure 5 | DIC-uptake strategies in Atlantic rhodolith species. (A) δ13C values, with significant differences among species (ANOVA, Tukey’s HSD posthoc, p<0.05) indicated by different letters (dotted line indicates the threshold, with values above indicating HCO3–only users), and (B) importance of active bicarbonate transport and external carbonic anhydrase activity for photosynthesis (expressed as significant changes before and after treatment with the respective inhibitors, paired sample t-test, p<0.05, Supplementary Table S3) (ns - not significant, nd - not determined). Data represent mean ± SE (n=5).



Inhibitor studies with DIDS and AZ, which inhibit active bicarbonate transport and CAext, respectively, indicated that the species expressed differences in their CCMs. While photosynthesis in the subtropical Brazilian species showed signs of active HCO3–transport (10-22% inhibition by DIDS), the other rhodolith species did not express any significant changes in photosynthetic activity under this inhibitor treatment (Figure 5B; Supplementary Table S4). In contrast, the AZ-treatment indicated that photosynthesis in all species relied on the activity of the CAext, as its inhibition significantly decreased GPmax (Figure 5B). The data showed that photosynthesis was generally 50-60% lower in absence of CAext activity, though Phymatolithon sp. from Caniçal (Madeira Island) showed a lesser effect (33% lower GPmax) (Figure 5B; Supplementary Table S4).



Rhodolith Calcification Mechanisms

The use of different inhibitors revealed a highly dynamic pattern regarding the importance of specific processes for rhodolith calcification. All species showed a strong correlation of light calcification and photosynthesis, as the former experienced a significant decrease (68-91% lower GLight) upon inhibition of the latter, which was also directly related to the species’ decline in calcification in darkness (GDark; Figure 6). In fact, in most species responded with a decline of GLight under photosynthesis inhibition and in darkness, except for M. erubescens and L. atlanticum that expressed negative dark calcification rates. Similarly to photosynthesis, all species showed a significant decrease in GLight under CAext inhibition (by 51-125%, Figure 7; Supplementary Table S4, S5). To distinguish between direct effects of CAext inhibition on calcification and indirect effects due to a decline in photosynthesis, changes in GPmax/GLight ratios were analyzed, where non-significant changes in the ratios indicated only indirect effects on calcification due to photosynthesis decline. The results indicated that for the Brazilian species the recorded decline in calcification upon CAext inhibition was the sole result of an indirect effect due to the decline in GPmax. On the other hand, the other rhodolith species exhibited a larger decrease in GLight, compared to GPmax, which suggested a direct role of CAext for calcification (Figure 7; Supplementary Tables S4-S6).




Figure 6 | Relationship between rhodolith calcification in darkness and after photosynthesis inhibition with DCMU in light, expressed as changes in relation to light calcification and to control values before inhibitor treatment, respectively. Data points represent mean ± SE (n=5).






Figure 7 | Importance of external carbonic anhydrase and specific ion transporters for rhodolith physiological processes. Heat maps indicate the effects of inhibition of specific processes on (A) maximum gross photosynthesis and (B) light calcification in different rhodolith species, expressed as significant changes before and after the inhibitor treatment (paired sample t-test, p<0.05, Supplementary Tables S3, S4).



Likewise, the inhibition of active bicarbonate transport caused different responses among the species. While the absence of HCO3–transport did not cause significant effects in calcification in Phymatolithon sp. from Arguineguín (Gran Canaria), it induced a significant decrease in GLight in the same species from Caniçal (Madeira Island), in P. lusitanicum, and in the three Brazilian species, though the magnitude of the effect varied greatly (from 15 to 73% decrease). Comparing these findings to the inhibitor effect on species’ photosynthesis, it suggests the involvement of active bicarbonate transport in calcification, but not in photosynthesis, in the species from Europe and the coast of northwestern Africa (Figure 7; Supplementary Tables S4, S5). In the case of the Brazilian species, where significant responses in both photosynthesis and calcification under inhibitor treatment were found, the comparison of GPmax/GLight ratios indicated that active HCO3–transport was directly involved in both processes in L. atlanticum and L. crispatum, but not in M. erubescens, in which the inhibitor effect on calcification seemed to be caused exclusively by the decline in photosynthesis (Supplementary Table S6). Surprisingly, P. calcareum showed an opposite response to DIDS, with a 97% increase in calcification (Figure 7B; Supplementary Table S5). The cold-temperate P. calcareum also differed from the others regarding the importance of Ca-channel and –ATPase for calcification, as it did not exhibit any significant effects upon their inhibition (Figure 7). Among the other species, the importance of these two transporters varied greatly. Some species exhibited a significant decline in calcification under Ca-channel and/or Ca-ATPase inhibition, while others did not. For example, little to no significant effect of Ca-channel inhibition was found in two of the subtropical Brazilian species (L. crispatum and L. atlanticum, respectively), while the inhibition of the Ca-ATPase did not result in significant effects in Phymatolithon sp. from Arguineguín (Gran Canaria) and M. erubescens from Brazil (Figure 7).

When comparing the effects of the different inhibitors, at an intra-specific level in Phymatolithon sp. from two locations, the results show that the calcification responses varied greatly, especially regarding the importance of DIDS-sensitive bicarbonate transport and Ca-ATPase (Figure 7; Supplementary Table S5). Also, CAext was seemingly more important for calcification in the rhodoliths from Arguineguín (Gran Canaria), compared to those from Caniçal (Madeira Island) (Figure 7B; Supplementary Table S5), also shown by its larger changes in GPmax/GLight ratios (Supplementary Table S6).




Discussion

This study demonstrated that rhodoliths express high inter-specific variability in their physiological performance and underlying mechanisms. Specifically, the different species show a high plasticity in the strength of the coupling of photosynthesis and calcification, in the CCM-strategies and in the ion transporters and enzymes involved in calcification. Furthermore, intra-specific comparisons suggest that this variability is at least partially modulated by local environmental conditions.


Rhodolith Physiological Performance and the Importance of Environmental Conditions

Overall, our findings regarding the importance of temperature and light for rhodolith performance agrees with recently published distributional models, identifying these factors as two of the main drivers of rhodolith distribution (Carvalho et al., 2020; Simon-Nutbrown et al., 2020; Fragkopoulou et al., 2021; Sissini et al., 2021). At the inter-specific level, rhodolith photosynthetic performance was mainly driven by light, but very little by temperature and hence, it did not show a latitudinal pattern. On the other hand, temperature and light were identified as strong environmental drivers for rhodolith light calcification, which was reflected in increased GLight towards lower latitudes. This is consistent with higher summer calcification rates reported for cold- and warm-temperate rhodolith species (Sordo et al., 2020; Qui-Minet et al., 2021). Dark calcification rates, on the other hand, seemed to be related to species identity rather than environmental conditions, which is in accordance with other comparative studies for crustose coralline algae (Chisholm, 2000) and rhodoliths (Qui-Minet et al., 2021; Schubert et al., 2021a). In their comparative study of three rhodolith species, Qui-Minet et al. (2021) also showed that GDark can vary seasonally, from negative rates in winter to positive rates in summer, though the relative differences between species were maintained. This agrees with our findings of increased GDark with temperature at the intra-specific level in Phymatolithon sp. (Figure 3B). In fact, temperature was the main driver for the calcification differences in this species from different locations. The variability in the photosynthetic performance was induced by temperature and light availability, resulting in higher physiological rates of the specimens collected at the shallowest subtropical rhodolith bed (Arguineguín).

Species identity has a strong influence on the relationship between photosynthesis and calcification, as evidenced by significant differences among species and, specifically, those found among species from the same location (see L. atlanticum, M. erubescens, L. crispatum). This agrees with a recent comparison among the temperate rhodolith species, Lithothamnion corallioides, Lithophyllum incrustans and Phymatolithon calcareum, from the same habitat, which also exhibited significant differences in their GLight/GPmax ratios (Qui-Minet et al., 2021). This species-specific dependence of calcification on photosynthesis was also supported by differences in the decline of the former in the absence of the latter, either by using inhibitors, or under dark conditions (discussed in more detail below). Additionally, comparison at the intra-specific level suggests that local environmental conditions induced some variability in the photosynthesis-calcification relationship, as evidenced by differences found among Phymatolithon sp. from different locations. The likely cause for the variability was the differential influence of environmental factors on the two processes, as differences in calcification among locations were mostly driven by temperature, while variability in photosynthetic performance was induced, to a similar extent, by both light and temperature. Similar findings have also been reported for the temperate rhodolith Lithothamnion corallioides, which not only showed variable GLight/GPmax ratios among different locations, but also between seasons (0.40-0.53 in winter, 0.26-0.32 in summer) (Qui-Minet et al., 2021).



Rhodolith CCM Strategies

Marine macroalgae can express three mechanisms of DIC assimilation: (1) diffusive CO2 uptake, (2) CO2 uptake dependent on CAext catalyzed dehydration of HCO3-, and (3) direct transport of HCO3- (Johnston, 1991). The degree to which these mechanisms are used by an alga determines the extent to which the alga can use bicarbonate as inorganic carbon source, to maintain maximum, or near maximum, photosynthetic performance during times when DIC becomes limited due to high photosynthesis and/or the presence of a thick DBL.

Our findings, as well as previous studies, demonstrate that rhodoliths express active CCMs, but also a variability in δ13C values associated to the species and/or environmental conditions (Hofmann and Heesch, 2018; Hofmann et al., 2018). All the rhodolith species studied here expressed δ13C values that identified them as both CO2 and bicarbonate users (δ13C= -30 to -10‰, Maberly et al., 1992). Together with the pH-drift experiments, this demonstrated that the species were able to raise the pH>9.0, at which DIC in form of CO2 is functionally 0, suggesting the presence of CCMs. This agrees with reports of δ13C in other rhodoliths and crustose coralline algae (e.g., Wang and Yeh, 2003; Cornwall et al., 2015; Diaz-Pulido et al., 2016; Hofmann and Heesch, 2018; Zweng et al., 2018; Bergstrom et al., 2020).

The non-diffusive and diffusive DIC uptake in algae vary and can involve both the active transport of HCO3- and the catalytic conversion of HCO3- to CO2 by CA, with subsequent passive diffusion of CO2, respectively. Here, the use of specific inhibitors demonstrated that all studied rhodolith species relied on the activity of CAext for photosynthesis, though its importance varied among species. In addition, the subtropical Brazilian species expressed active HCO3- transport as CCM, as demonstrated by the significant decline in photosynthesis under DIDS-treatment. This evidently increased the carbon-concentrating efficiency in these species, as shown by their higher pH compensation point (see Supplementary Figure S2). Overall, it agrees with the seemingly prevalent importance of CAext for inorganic carbon assimilation in coralline algae (Hofmann et al., 2016; Hofmann et al., 2018; Hofmann and Heesch, 2018; Zweng et al., 2018). On the other hand, the presence/absence of a DIDS-sensitive active HCO3–transport appears to be more variable among species (this study; Hofmann et al., 2016; Hofmann et al., 2018; Zweng et al., 2018), though the here demonstrated importance of both CAext and active DIDS-sensitive bicarbonate transport in the subtropical Brazilian species agree with those in other tropical coralline algae (Hofmann et al., 2016; McNicholl et al., 2019). These findings were consistent with the higher (less negative) δ13C values of the subtropical Brazilian species, while the lower (more negative) values of the other species may indicate a higher reliance on CAext activity (Mercado et al., 2009). Nevertheless, the δ13C values identified all species as both bicarbonate and CO2 users, suggesting the presence of other bicarbonate uptake mechanisms, insensitive to DIDS.

CCM strategies in algae, and the degree to which they are expressed, are modulated by a variety of environmental conditions (e.g., light, temperature, pH, salinity, nutrients; Beardall et al., 1998; Beardall and Giordano, 2002; Giordano et al., 2005). As for the influence of pH conditions, these can also be modified by the organisms themselves, as photosynthetic activity increases seawater pH and simultaneously decreases CO2 concentration and it has been shown previously that this combination increased markedly the expression of CAext activity (Berman-Frank et al., 1995; Berman-Frank et al., 1998). Thus, when considering the demonstrated effect of algal morphology on DBL thickness and related pH dynamics (Hurd et al., 2011; Cornwall et al., 2013; Cornwall et al., 2014; Schubert et al., 2021a), morphology may be one of the factors driving species’ differences in CCM strategies.

A recent study on the Brazilian rhodolith species showed the effect of their morphology on DBL thickness and associated thallus surface pH dynamics (Schubert et al., 2021a). The species studied here differ in their general morphology (round, thin-branched, flattened), but also in the rugosity of the thallus surface, as indicated by their surface area to dry weight ratios. Brazilian rhodoliths have higher ratios, related to a higher number and length of protuberances, than the other studied species with similar round morphologies (not considering P. calcareum and P. lusitanicum, which have thin-branched and flattened morphologies, respectively) (Supplementary Table S7). These differences might explain the greater diversity and importance of CCMs, such as the presence of a DIDS-sensitive direct entry of HCO3- in the Brazilian species, which was absent in the others. The morphology-induced built-up of thicker DBLs results in an increase in the lengths of CO2 diffusive pathway, which together with a high photosynthetic activity will lead to carbon limitation. Thus, the lower morphological complexity of species from Europe and the coast of northwestern Africa with similar round morphologies, suggests thinner DBLs and consequently shorter CO2 diffusion pathways. This agrees with the importance of CAext and a higher reliance on diffusive CO2 uptake. In contrast, in the three Brazilian species (with thicker DBLs) CCMs are required to maintain photosynthetic activity. Indeed, the increase in the pHDBL between the rhodolith protuberances under light conditions found previously in the Brazilian species (mean=0.33-0.55 units higher than bulk seawater pH; Schubert et al., 2021a) might explain the found expression of an active HCO3- transport, as it is a carbon uptake mechanism that can be induced by high external pH values (Axelsson et al., 1995). Hence, the higher δ13C of the Brazilian species could be explained by their higher morphological complexity that drives the formation of thicker DBLs and results in an increase in the length of CO2 diffusion pathways and the need for CCMs (CAext and active HCO3- uptake). Based on this premise, and the assumption that coralline algae with lower CCM capacity have a higher diffusive CO2 uptake (Bergstrom et al., 2020), it could be hypothesized that among the studied species, morphologically less complex species, such as Phymatolithon sp. from Caniçal (Madeira Island), rely to a higher degree on diffusive CO2 entry as DIC uptake strategy, as evidenced by its lower pH compensation point and lesser importance of CAext for photosynthesis. This may also be the case in P. lusitanicum, which expresses a flattened morphology that is not inducive to thick DBLs and hence, diffusive CO2 uptake may also be more important in this species, as supported by its lower δ13C values.



Rhodolith Calcification Mechanism

Overall, inhibitor studies in different groups of calcifiers have shown that CAext, bicarbonate transporters, Ca-channels and Ca-ATPase are involved in carbonate precipitation (e.g., Dubois and Chen, 1989; McConnaughey, 1989; McConnaughey and Falk, 1991; Allemand and Grillo, 1992; Tambutté et al., 1996; Comeau et al., 2013; Hofmann et al., 2016; Hofmann et al., 2018). The present study supports this, though it also clearly shows that rhodoliths express inter-specific differences, not only in the dependence of calcification on photosynthesis, but also the importance of CAext and specific ion-transporters for calcification.

Firstly, our results showed a high variability in the decline of calcification upon photosynthesis inhibition, suggesting species-specific differences in the strength of the link between these two processes. Additionally, environmental conditions seem to exert an influence on this relationship, as shown in Phymatolithon sp., with rhodoliths from Arguineguín (Gran Canaria) showing a lower dependence of calcification on photosynthesis, compared to the same species from Caniçal (Madeira Island). The similar decrease in calcification rates in darkness (when compared to GLight), and upon photosynthesis inhibition in light in most of the studied species, points towards not only a photosynthesis- but also light-independent mechanism that enables rhodoliths to maintain positive calcification rates in the absence of photosynthesis in light, as well as in darkness. In this context, evidence for a HCO3-/H+ symport that moves protons away from the calcification site under both light and dark conditions, resulting in an increase in surface pH, has been found in the Arctic rhodolith Lithothamnion glaciale (Hofmann et al., 2018). The exceptions among the studied species were the two Brazilian species L. atlanticum and M. erubescens, in which this potential light-independent mechanism was either less effective (operating at a slower rate) or absent, resulting in carbonate dissolution in darkness and an almost complete cease of light calcification upon photosynthesis inhibition. As a recent comparative microsensor study showed, this feature is related to a pH decline at the thallus surface in darkness in these two species that was not found in L. crispatum from the same location (Schubert et al., 2021a). The magnitude of night-time decalcification was shown to be directly related to the pH decline in darkness, which was larger in L. atlanticum, resulting in higher carbonate dissolution, compared to M. erubescens. In previous studies, Hofmann et al. (2016; Hofmann et al., 2018) provided evidence that some coralline algae present a light-mediated, but photosynthesis-independent proton pump. The presence of such a mechanism might decrease the dependence of calcification on photosynthesis and could explain the significantly faster increase of calcification upon light exposure (αG) in the two aforementioned species, compared to the other species.

Secondly, differences among species were also found regarding the importance of bicarbonate-transporters and CAext for calcification. Our results show that they not only supported photosynthesis, but also calcification in some rhodolith species, while in others they were important only for one of those processes (Figure 8). Noteworthy here was the finding of the direct involvement of CAext in photosynthesis and calcification in the temperate and subtropical Phymatolithon species, while in the subtropical Brazilian species the activity was seemingly important only for photosynthesis and hence, only indirectly for calcification. Generally, it is assumed that CAext is involved directly in coralline algal calcification, by elevating the pH due to removal of H+ through HCO3- dehydration (HCO3-+H+↔CO2+H2O), with the resulting CO2 diffusing into the cells to be used for photosynthesis (Borowitzka, 1987; Koch et al., 2013; Hofmann et al., 2018; McNicholl et al., 2019). Though, in the proposed models, no clear distinction is made between its direct and indirect importance (activity related to photosynthetic DIC uptake) and more studies are needed to differentiate the functional role of CAext in coralline algal calcification. Another surprising difference found among the studied species was related to the importance of DIDS-sensitive active HCO3–transport. Even though this transporter did not play a role for photosynthesis in the species from Europe and those off the coast of northwestern Africa, in some of them it seemed to play a role in calcification (Figure 8). Yet, the extent to which this transporter was involved in calcification differed greatly among species. Furthermore, in the cold-temperate P. calcareum and the subtropical Phymatolithon sp. (Arguineguín), the DIDS-sensitive bicarbonate transporter did not play a role in neither photosynthesis nor calcification. In the case of the latter species, this also suggests an intra-specific variability in the degree to which calcification depends on this bicarbonate transporter. Phymatolithon sp. from Arguineguín (Gran Canaria) did not express active DIDS-sensitive bicarbonate transport, but its calcification depended highly on the activity of CAext, while in the same species from Caniçal (Madeira Island) both mechanisms were important to a certain degree (Figure 8).




Figure 8 | Summarized overview of the importance of CAext and specific ion-transporters for rhodolith photosynthesis and/or calcification, based on inhibitor effects and accounting for declines in calcification caused indirectly by inhibitor effects on photosynthesis (“Both”- inhibitor effect on both processes, but larger in calcification, indicating direct effect on the latter; Supplementary Tables S3–S5).



Thirdly, a large variability among rhodolith species regarding calcium transporters was found. Generally, it is assumed that Ca-influx to cells occurs through voltage sensitive Ca-channels, while Ca-efflux is associated to a Ca-ATPase (McConnaughey, 1989). The latter has been shown to be associated with calcification in corals and algae (e.g., Okazaki, 1977; Okazaki et al., 1984; Kingsley and Watabe, 1985). The “trans” calcification mechanism model proposed for these calcifiers suggests that Ca-ATPase supplies Ca2+ to and removes H+ from the site of calcification, resulting in an increase in pH and [Ca2+] that favors CaCO3 precipitation (McConnaughey and Falk, 1991; McConnaughey and Whelan, 1997). Among the different groups of calcareous algae, Ca-ATPase has been shown to be specifically relevant in coralline algae (Okazaki, 1977). Evidence for its involvement in calcification has been provided by a recent microsensor study in a crustose coralline alga (Hofmann et al., 2016). Here, Ca2+ and pH dynamics recorded at the algal thallus surface under different light conditions, clearly demonstrated the presence of an active Ca-efflux and H+-influx into the cells in light, resulting in an increase of surface pH, and the inverse pattern in darkness. It also agrees with our findings of a significant decline in calcification upon ATPase-inhibition. Still, this effect was found only in four of the rhodolith species (Figure 8), indicating that its expression might not be universal in all species of this group and/or driven by the environment (see Phymatolithon sp. from Caniçal and Arguineguín). For example, the lack of any effects of Ca-ATPase inhibition in M. erubescens suggests that this species may express a different Ca2+/H+ exchanger to regulate pH at the calcification site.

The rhodolith species also exhibited differences regarding the importance of Ca-channels, as found through the treatment with verapamil. This inhibitor is specific for L-type (voltage-dependent, with long-lasting activation) Ca-channels (Triggle, 2006) and the lack of effects in L. atlanticum in either photosynthesis, or calcification, may suggest a different type of Ca-channel in this species, insensitive to verapamil. Differences in Ca-channels have been reported also for other calcareous macrophytes, such as Chara sp. and Halimeda discoidea Decaisne. The calcium flux in Chara spp. has been found to be insensitive to verapamil, but showed sensitivity to nifedipine, an inhibitor of N-type Ca-channels (Reid and Smith, 1992; Stento et al., 2000). On the other hand, neither the inhibition of L- nor N-type Ca-channels had an effect on Ca2+ dynamics in H. discoidea (de Beer and Larkum, 2001). Altogether, our results show a highly diverse and dynamic pattern regarding the expression of calcium transporters (Ca-channel, Ca-ATPase), which seems to be related to the species, but based on the intra-specific comparison of Phymatolithon sp., can also be modulated by the environment (Figure 8). It agrees with the reported high variability in the presence/absence of gene sequences associated to calcium transporters, such as Ca-ATPase and Ca2+/H+ exchangers in Rhodophyta (Schönknecht, 2013; Tong et al., 2021).




Conclusions

Our study shows that rhodolith species, and most likely coralline algae in general, display a large variability in (a) their general physiology and associated mechanisms, and (b) their maximum physiological performance. The former has implications for potential differences in the response to climate-change associated factors, such as ocean acidification. Large variability in the photosynthesis-calcification relationships and calcification mechanism suggests species’ differences in their capacity to maintain a high pH-environment at the calcification site and, consequently, in their susceptibility to OA. Our findings did not identify a general pattern for all species, but rather a species-specific interplay of mechanisms, driven by species physiological and morphological traits, but also by intra-specific modulation of acclimation/adaptation to environmental conditions. Furthermore, the large variability in maximum physiological performance among rhodolith species, which is modulated by light and/or temperature, suggests differences in net productivity not only at the individual, but also scaled up rhodolith-bed community level at different latitudes.
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Coralline algae (Rhodophyta, Florideophyceae) are one of the most abundant organisms in the hard-bottom marine photic zone where they provide settlement substrates, structure and shelter on rocky substrates. Coralline algae also play important roles in tropical reefs, both cementing corals together and producing substantial amounts of calcium carbonate. The ecological roles of coralline algae in the marine environment are related to the biomineralization process that occurs in the cell walls. Currently, this group of algae is receiving renewed attention from researchers from different fields, especially due to possible effects of climate changes over its magnesium calcite skeleton. Despite this renewed attention, we still have poor information regarding the first steps of coralline algae ontogeny and calcification. The aim of this study was to describe the earlier steps of Lithophyllum corallinae development and its calcification process. Algae were collected at Vermelha Beach, Rio de Janeiro city. Adult crusts released spores that settled over microscope slides. The germinating spores were analyzed by Polarizing Light Microscopy, Scanning Electron Microscopy, Energy Dispersive Spectroscopy, Transmission Electron Microscopy and Atomic Force Microscopy. Results showed that cell walls mineralization begins at third spore cell division (8 cells specimen), evidenced by changes in light polarization, elemental composition and hardness, restricted to the cell walls of the innermost part of the developing spore. Nanopores in calcite crystals structure were identified, evidencing macromolecules occlusion, a feature especially important to prevent calcite skeleton cracking in high-energy environments. The beginning of this process could be related to spore size, availability of organic matrix and energy from photosynthesis. All the analysis also confirmed the lack of calcification in the cell walls of the outermost part of the germinating spore, which allows the growth of the individual; but mainly indicates a high level of control in coralline algae mineralization process, representing a relevant information in future studies on coralline algae calcification, including those testing climate changes scenarios.
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Introduction

Coralline algae (Rhodophyta, Florideophyceae) are one of the most abundant organisms in the hard-bottom marine photic zone, where they are noticeable marine calcifiers, growing attached to the substrate (crustose coralline algae – CCA) or as free-living nodules, known as rhodoliths (Steneck, 1986; McCoy and Kamenos, 2015).

These algae are widespread in tropical and temperate intertidal and sub tidal environments, where they provide settlement substrates, structure and shelter for many marine organisms (McCoy and Kamenos, 2015). Coralline algae also play important roles in tropical reefs, both cementing corals together and producing substantial amounts of calcium carbonate (Foster, 2001; Nelson, 2009; Amado-Filho et al., 2012; Foster et al., 2013).

The ecological roles of coralline algae in the marine environment are related to the biomineralization process that occurs within its cell walls, which became heavily calcified (McCoy and Kamenos, 2015). Crystals formed by coralline algae are made of calcium carbonate, normally in the form of high magnesium calcite, Ca(Mg)CO3, which presents a high degree of Ca2+ substitution by Mg2+ at the crystal lattice (more than 4 wt.%), with the majority of species containing Mg substitution higher than 12 wt.% (Smith et al., 2012).

At the nanoscale, these crystals consisted of several single crystallites assembled and associated with the cell wall organic matter, with a high level of spatial organization. In addition, calcification in coralline algae is dependent both on the soluble and insoluble organic matrix, which are directly involved in the control of crystals formation as well as their spatial organization through an organic matrix-mediated process (Carvalho et al., 2017).

Regarding the early stages of coralline algae development, Johansen et al, 1981 observed that coralline algae spores in planktonic phase do not exhibit calcium carbonate crystals within the cell wall, which could help in flotation and dispersion of this spores. Later works suggested that the first steps of calcification occurred in some moment after the spore is attached to the hard substrate (Vesk and Borowitzka, 1984; Cabioch et al., 1986).

Currently, this group of algae is receiving renewed attention from researchers from different fields, especially due to possible effects of climate changes in seawater chemistry (McCoy and Kamenos, 2015). It is important to emphasize that, considering the fact that coralline algae form magnesium calcite crystals in their cell walls, this group of algae is more susceptible to possible skeletal dissolution promoted by changes in seawater chemistry driven by the higher absorption of CO2 (Andersson et al., 2008). Recently, Ordoñez et al., 2017 reported that several spore germination processes (i.e. formation of the germinating disc, initial growth and germiling survival) of coralline algae is negatively impacted by the independent and interactive effects of ocean acidification, increasing seawater temperature and irradiance intensity.

Despite this renewed attention, we still have poor information regarding the first steps of coralline algae calcification. Taking into account the threat against these calcifying organisms, it is important to expand the knowledge about the first steps of calcification in the current seawater pH for future comparisons with in vitro and in vivo experiments.

Thus, the aim of this study was to describe the earlier steps of development and mineralization process in Lithophyllum corallinae.



Methods


Sampling

Lithophyllum coralline was choose for this study because it is one of the main coralline algae found over the Brazilian shelf and is also recognized in Brazil as an important rodolith-forming coralline algae (Bahia, 2014). In addition, it is also common in many sub-tropical and tropical habitats in the Atlantic and Indo-Pacific regions (Henriques et al., 2014). Small crusts of Lithophyllum corallinae were collected at Vermelha Beach localized in the city of Rio de Janeiro (Rio de Janeiro, 22° 95’38”S, 43°16’27”W) over the rocky shore by divers in depths ranging 3 to 5 meters. The adult samples were transferred to Algae Laboratory (from Rio de Janeiro Botanical Garden Research Institute) and maintained in a 400 L aquarium with synthetic seawater prepared with deionized water and synthetic salt (Red Sea Fish Pharm, Houston, USA) until spore release experiments (approx. 2 weeks). The aquarium was set to mimic abiotic in situ features, i.e. from the sampling site (Table 1). Water temperature, pH, total alkalinity, salinity, dissolved oxygen were measured with a YSI 556 Multiparameter (YSI Incorporated, Ohio, USA), light intensity was measured with HOBO Pedant sensors (ONSET, Massachusetts, USA) and Mg/Ca proportion was obtained by Ca and Mg concentration analysis with colorimetric rapid tests (Red Sea Fish Pharm, Houston, USA). To mimic field light conditions (i.e. light intensity, diurnal and nocturnal light cycle, etc) we used AI Vega lights (Aqua Illumination, Pennsylvania, USA). Adult Specimens were identified from morphological and reproductive characters (Supplementary Figure 1) observed in sections prepared using methods detailed in Maneveldt and Van Der Merwe, 2012.


Table 1 | Natural and artificial seawater quality parameters measured at Vermelha Beach (Natural seawater) and aquarium.





Spore Release Method

For spore releasing, we induced the fertile adult crusts adapting a combination of previous methods (Ichiki et al., 2000; Ordoñez et al., 2017). The aquarium was kept under low light intensity (16 – 32 µmol photons m-2 s-1) during the diurnal light cycle and the aquarium temperature was reduced to 18°C for 4 hours. We did not quantify the number of released spores or the reproductive output of the L. corallinae adult crusts.



Spore Settlement

Microscopy slides (30 mm diameter; n = 80) were previously treated with 2/3 of ethanol (> 99.8%, absolute, Sigma-Aldrich) and 1/3 of hydrochloric acid (> 32% P.A., Sigma-Aldrich) solution to increase roughness and enhance the possibility of spore settlement (Fletcher and Callow, 1992). After the treatment, the slides were washed with distilled water, dried and glued with double-face tape (3M, Scotch, Brazil) over eleven 20 cm wood sticks (n = 7 slides per wood stick). These wood sticks were submerged into the 400 L aquarium where the Lithophyllum corallinae adult crusts were placed. The submersion was done in aquarium regions were the water flow were more intense in order to orientate this settlement substrate direct against the water flow, thus presenting a higher probability of planktonic spores to settle. Settlement of spores of L. corallinae were confirmed by optical microscopy, using previous literature that described the dimension, morphological features and cell division patterns exhibited by coralline algae spores (Chihara, 1974; Ichiki et al., 2000).



Monitoring Lithophyllum Corallinae Cell Wall Development

The first slides were removed from the aquarium after 4 hours of exposure to the water flow. Later slides were removed in different times (6, 8, 12 and 24 hours). To follow cell wall earlier calcification process in germinating spores of Lithophyllum corallinae, the slides were gently placed over microscope slides where 3 drops of seawater were pipetted. A Zeiss Axioplan-2 Optical Microscope with crossed polarizers and 20x objective lens was used to observe the presence of birefringent material, which could indicate the presence of the calcium carbonate crystals. A phase plate (λ = 551 nm) was also used to indicate the slow and the fast rays (higher and lower effective refractive indexes respectively) of the material. The higher effective refractive index of the phase plate is indicated by the double arrow in Figure 1.




Figure 1 | Microscopic images of L. corallinae germinating spores in different development stages. 2, 4, 8, 16 and 32 germinating spores over the slides; Light microscopy (A–E), PLM (F–J) and PLM with phase plate (K–O). PLM showed the presence of polarized material inside the cell walls since the 2 cells spores (Figure 1F). PLM images with the utilization of a phase plate (λ = 551 nm) confirm the presence of calcite crystals with the c axes oriented perpendicular to the cell walls beginning from the 8 cell stage (K–O). Scale bar: 1A – 1C = 10 µm; 1D – 1E = 20 µm.





Elemental Composition of L. Corallinae Cell Walls

Ten slides observed by Polarized Light Microscopy (PLM) that presented the highest amount of settle individuals in different development stages were fixed (4% paraformaldehyde; 2.5% glutaraldeheyde; 0.1 M cacodylate; pH = 8.2), dehydrated in increasing concentrations of acetone at room temperature, dried at the CO2 critical point dryer equipment (Bal-Tec CPD030, Leica, Wetzlar, Germany) and coated with a thin carbon layer (108C Auto Carbon Coater, Ted Pella, California, USA). The slides were observed in a FEI Quanta 250 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) was performed with an EDAX Octane silicon drift x-ray detector (New Jersey, USA) operated at 15 kV. Ca and Mg maps from the young individuals were acquired in order to localize and compare the amount of these ions in different development stages.



Nanostructure and Crystalline Structure of Early Cell Wall Spores

Samples were prepared as described above. After critical point drying with CO2, coverslips adhered settle individuals were embedded overnight in spurr resin and polymerized for 24h at 70°C. After polymerization, samples were thawed onto liquid nitrogen to separate SPURR embedded settle individuals from glass cover slips. Ultrathin sections (80 nm) were obtained using a Leica EM UC7 ultramicrotome (Leica, Wetzlar, Germany), collected onto 300 mesh lacey carbon grids (Electron Microscopy Sciences-EMS). No staining was performed. Grids were observed on a Tecnai-T20 electron microscope (Thermosfisher) with a LaB6 source operating at 200 kV. Images were recorded using a 1k CCD camera (Veleta, Olympus). Electron diffraction patterns were obtained in the select areas at 1.75m camera lenght.



Changes in Nanomechanical and Nanostructure of Settled Spores

The production of calcium carbonate crystals in coralline cell walls can affect directly the topography and mechanical properties of these structures and the modification of these parameters could be a good indication of calcification initiation. To identify differences in the cell wall topography and mechanical properties between different development stages, Atomic Force Microscopy (AFM) images of 2 to 8 celled newly germinated individuals (3 hours after settlement) and 16 to 32 celled individuals (12 hours after settlement) were acquired using a Bioscope Catalyst (Bruker, California, USA) operated at the Peak Force Tapping mode (Pittenger et al., 2012). AFM is one of the Scanning Probe Microscopies techniques in which a cantilever with a very sharp tip is used to scan the sample (a few atoms of the tip that actually touch the sample), providing atomic resolution images. Recently, Peak Force Tapping mode (®Bruker, California, USA) was developed, in which the resulting force curve from the interaction between the tip and the sample could provide complementary information, such as elasticity (Young´s modulus), adhesion, dissipation and deformation. In this study, we obtained the elasticity information from the coralline epithallial cells. In this sense, the section of the force curve where the sample and the tip are in contact is fitted using the contact mechanics models. In this case, we used the Derjaguin-Muller-Toporov (DMT) model, which is more realistic because it takes into consideration the adhesion effects (Derjaguin et al., 1975). High resolution maps of topography and elasticity (DMT Modulus) were acquired with Quantitative Nanomechanical Mapping (QNM, Bruker, California, USA). Tip calibration was performed using the absolute method, as recommended by the manufacturer, prior to each experiment. Peak Force Tapping was performed using silicon tips (ScanAsyst-Fluid, Bruker, California, USA, nominal spring constant of 0.7 N/m). The slides were fixed on a Petri dish, and 3 mL of seawater were added for fluid scanning. Images were acquired with 512×512 pixels of resolution at a low scan rate (0.5 Hz), and image processing (line-wise flatten only) was performed using NanoScope Analysis 1.6 (Bruker, Santa Barbara, CA). Statistical analyzes were performed to test differences of elasticity. Force curves (n = 30) from the cell wall area and central area of the 4 and 16 cell stage were acquired. Kolmogorov-Smirnov Test showed that the values had a normal distribution, thus Analysis of variance (Anova) was performed in Statistica software (Statsoft, Hamburg, Germany).




Results


Monitoring the Development of Spores

By monitoring spore’s development using polarized light microscopy (PLM), it was possible to follow changes in the structure of young germinating spores (n > 20 settled spores in each microscopic slide) in the different growth stages. Images showed that spores with 2 cells presented numerous possible starch grains inside the cells (Figure 1A), which became less abundant with the growth and subsequent cell divisions. Besides, individuals with 2 cells, presented a transparent and thin cell wall (Figure 1A), while in samples with 4 cells a different cell wall composition seemed evident, with an opaque material present in all the cell wall structure (Figure 1B). PLM observations confirmed the cell wall difference that seems to take place after the second cell division (4 cells). Samples with 2 cells presented a lower birefringence in comparison with 4 cells spores and the spores that are in other development stages. It is interesting to notice that the polarizing material seen in 4 cells samples and in the subsequent stages is concentrated in the cell walls of the innermost part of the growing thallus while the cell walls facing the external medium do not present this polarizing material (Figures 1G–J). With the insertion of the phase plate (pinkish images), the birefringence presented by the walls of 4 cells spores (Figure 1L) had a specific pattern of orientation of the blue and yellow colors, which were inverted relatively to the walls of older germinated spores, with “yellow” cell walls parallel and “blue” cell walls perpendicular to the phase plate direction. As it will be shown in the next section, calcium ions were not found in the innermost cell walls of 2 and 4 cell spores, revealing that macromolecules (such as cellulose fibrils) or shape anisotropy of the walls were responsible for the weak birefringence observed. On the other hand, the cell walls of 8 cells spores were clearly birefringent and that their low ray axis direction were parallel to the low ray axis of the phase plate (double arrow in the Figure 1K) and thus perpendicular to the cell wall contours. This interpretation comes from the observation of blue and yellow colors, corresponding to directions perpendicular and parallel to the cell wall contours relative to the phase plate low ray axis, respectively. This would be in favor of the presence of calcite crystallites inside each cell wall with the c axis (which is the optic axis in calcite) oriented parallel to their contours with an increase of intensity mainly after 8 and 16 cells stages (Figures 1N, O). The c axis of a birefringent crystal (e.g., calcite crystal) is a direction under which the incident light rays, suffer no double refraction when traveling inside the crystal. In this propagation direction, the light passes through the crystal as if it were a non-birefringent material. In other propagation directions, the light is split into two polarized rays that migrate with different velocities associated with specific refractive indices (for details about this subject see Wood, 1977).



Spore Settlement, Ultrastructure and Elemental Composition

The first recovered slides presented settled L. corallinae spores (> 10 spores/slide) with 2 to 4 cells (Figures 2A, B) with an oval to spherical shape and with 43.81 ± 1.52 µm as mean diameter (n = 10). The cell walls were thin in the 2 cells individuals and became more evident in 4 cells germinating spores. The germinating spores presented a network-like material over its structure, probably extracellular matrix used for spore fixation or bacterial EPS. The second cell division occurred in a cruciate morphology, which is typical of the Amphiroa type of growth described by Chihara, 1974, in which Lithophyllum is also a genus that presents this feature in spore growth. The latter slides (After 12 hours of culture) presented germinating spores with 16 to 128 cells with radial or filamentous-like type of growth. The cells presented a different shape from the youngest germinating cell with a rectangular shape. The most evident difference is the increased thickness of the cell walls of the innermost part of the developing thallus (Figures 2C, D). The removal of the superficial cell tissue revealed the resemblance of these call walls with cell walls seen in mature coralline algae. Elemental analysis of the cell walls from L. corallinae germinating spores revealed changes in composition of these structures during the development stages. While in 2 and 4 cells (Figures 2A, B) it is not possible to observe calcium or magnesium signal inside the structure of the cell wall, germinating spores with approx. 16 cells (Figures 2C, D) presented a higher calcium signal in the cell walls that are in the innermost part of the new thallus corroborating the change of cell wall composition observed in the Optical and Polarized Microscopy analyzes. Mg signal also starts to appear in the cell walls of the 16 cells germinating spore.




Figure 2 | Scanning Electron Microscopy images and EDS maps (calcium and magnesium) of L. corallinae germinating spores that settled over the microscope slides. 2 cells spore presenting a thin cell wall dividing the cells and a framework material that seems to help with the settlement process (A, scale bar = 10 µm). 4 cells germinating spore with cruciate cell division and with the same framework material covering all the spore and part of the microscope slides (B, scale bar = 10 µm). 12 to 16 cells germinating spore with the superficial tissue removed (C, scale bar = 20 µm). 24 to 32 cells germinating spore with a filamentous growth, showing the small cells from divisions that occurs in the distal regions (D, scale bar = 20 µm).





Nanosctructure and Nanocrystallinity of Cell Walls

High resolution transmission electron microscopy of uppermost cells from the epithallus of a 16 cells germinating spore (n = 10) showed the presence of early needle calcite crystals growing in the outermost part of the cell walls (middle lamella) and a thinner cell wall infill with tangential crystals (Figure 3A). Cells that are immediately under the epithallial cells present a thicker cell wall, with the presence of calcite crystals that grew perpendicular to the cell wall (yellow asterisk). Tangential crystals present different sizes and orientations with needle-like and hexagonal shapes (Figure 3B). The calcite crystals from different parts of the cell wall presented nanopores in their structure with a diameter of 4.982 ± 0.77 nm (N = 100) (Figure 3C). Selected area electron diffraction (yellow circle in Figure 3A) indicated that the crystals from the middle lamella are indeed high magnesium calcite, with the (104) peak at 2.964 nm (d-spacing) which represents a magnesium substitution of approx. 25% mol% MgCO3 according to Zhang et al., 2010 (Figure 3D).




Figure 3 | Transmission electron microscopy images of 16 cells L. coralline germinating spore showing epithallial cells with thinner cell walls with needle-like and elongated calcite tangential crystals. Perithallial cells with thicker cell walls and perpendicular calcite crystals (A, asterisk). Detail of the tangential crystals with different sizes and orientations (B). Needle-like and elongated calcite nanocrystals with presence of nanopores in the crystalline structure (C). Selected area electron diffraction (SAED) of needle-like calcite nanocrystals evidencing the random orientation and the identification of high magnesium calcite through SAED pattern indexing (D).





Changes in Nanomechanical and Nanostructure Patterns

Confirming the results of the change in composition of cell walls from 4 cells to later development stages obtained with the other techniques used in this study, Atomic Force Microscopy also detected structural and mechanical differences. Topographical images of 4 cells germinating spores (Figure 4A) showed that the central part of the cells is higher than the cell walls surrounding the cell lumen. The cell walls are thin and almost imperceptible (Figure 4A). In contrast, cell walls from 16 cells samples are more evident, four times thicker than the 4 cells (1.56 ± 0.3 μm x 0.39 ± 0.2 μm). At this stage the central part of the cell is topographically lower in comparison with the surrounding cell wall, as a flattened or compressed shaped epithallial cells (Figure 4B). DMT modulus images (elasticity) showed that 4 cells germinating spores presented a uniform elasticity along the analyzed cells, with regions ranging between 1.5 MPa to 3.7 MPa (Mean = 2.6 ± 0.6 MPa; Figure 4C). The cell wall region and the central part of the 4 cell spores presented similar elasticity (Anova, p = 0.82725; Table 2) Meanwhile, DMT modulus images of germinating spores with 8 to 16 cells showed the decreased elasticity in the cell walls of cells that are in the innermost region of the spore structure (Anova, p = 0.00001; Table 2), with some regions of the cell walls ranging up to 35.8 MPa, which is almost ten times less elastic than the 4 cell wall tissue and the central part of the cell spore with 16 cells (Figure 4D). Although the increase of cell walls inflexibility, the tissue of the central part of the cells in this development stage remained with a similar elasticity (Mean = 3.1 ± 1.2 MPa) of the 4 cells tissues (Anova, p = 0.94775 and p = 0.98949; Table 2).




Figure 4 | Topographical and elasticity images of 4 cells (A, B) and 16 cells (C, D) showing the topographical and hardness (DMT Modulus) differences of the cell surfaces between these two developmental stages.




Table 2 | Summary of the data from the ANOVA analyzes and Post Hoc Tukey HSD test with DMT Modulus (elasticity).






Discussion and Conclusion

This study takes over the ontogeny and development of coralline algae ultrastructure and biomineralization process that started over 40 years ago providing the first insights of cell division patterns and the appearance of the first structures inside the cell walls that were related to the early deposition of CaCO3 crystals (Chihara, 1974; Borowitzka and Vesk, 1978; Vesk and Borowitzka, 1984).

Some of the key questions raised up by these studies were how the cell wall develops, what is the composition of the early cell walls and if deposition of the organic matrix precedes the CaCO3 deposition or vice versa.

In this sense, our study with L. corallinae provided new information that can be incorporated with the previous studies and draw a preliminary picture of the early stages of coralline algae germinating spore development and the changes in the cell wall that culminates in the heavy deposition of CaCO3.

The germinating spores of L. corallinae obtained in the slides presented a diameter that is in accordance with the Lithophyllum group mentioned by Chihara, 1974 that ranged between 20 and 45 µm. The cell division was also related to the same pattern seen in this study, with the cruciate division of the 4 cell spore and the subsequent small lateral division and a partially radial growth. The growth patterns exhibited by the germinating spores after 8 cells can be related to several conditions, including water motion, space competition, depth and temperature (McCoy and Kamenos, 2015).

Cell wall formation followed by Polarized Light Microscopy revealed polarizing material in the cell wall from the germinating spores since the first cell division and the observations with the phase plate showed that the birefringence ray axes change from 4 cell spores to higher than 4 cells spores. This fact shows that in early growth stages, the materials that polarizes light are cellulose fibrils (Srivastava, 2002) or the shape anisotropy of the apposed cell walls, while for stages with higher number of cells, birefringence is caused by calcite crystallites (Cheng et al., 1998). Calcite is known as a negative birefringent crystal, which means that in this type of crystals, the refractive index experienced by the extraordinary ray (electric field vibration plane that contains the c axis) is less than that for the ordinary ray (Inoué, 2008).

Taking this information into account, the EDS analysis performed in this work was determinant to point that the material inside the cell wall of the two and four cell individuals is cellulose, while in older germinating spores, in which cell division promotes a confined space between the cells, the detection of calcium and magnesium reveals the biomineralization of high magnesium calcite first on the middle lamella and later within coralline algae cell wall.

High resolution transmission electron microscopy images confirmed the development sequence of coralline algae cell wall proposed by Cabioch and Giraud, 1986, with the production of high magnesium calcite elongated crystallites in the middle lamella, tangential to the cell walls in the outermost part of the cell wall. Finally, perpendicular crystals are formed in subepithallial cells, where the secondary cell wall is well developed. The high magnesium calcite biomineralization of the juvenile L. corallinae is in agreement with the calcification model proposed by Nash et al., 2019, with similarities in the cell wall structure of Amphiroa anceps analyzed by these authors, which is also from the Lithophylloideae subfamily (Aguirre et al., 2010).

Regarding the appearance of the first calcite crystals, the explanation could be related to the size of the germinating spore. In fact, previous evidences point out for a “trans calcification” mechanism proposed by McConnaughey and Whelan (1997) for calcifying macroalgae. In their proposition, calcification is enzymatically controlled, based on the transformation of HCO3-1 in CO2 for photosynthesis by a carbonic anhydrase, which in turn produces CO3-2 and the ion pumps provide the efflux of Ca2+ inside the cell wall for ion supersaturation. One of the most accepted idea is that calcification rate is directly proportional to the photosynthetic rate (Borowitzka and Larkum, 1976; Jensen et al., 1985) and for Halimeda tuna Borowitzka and Larkum have shown that photosynthetic rate must exceed a threshold value of 100 to 200 nmol CO2 fixed g-1 dry weight min.-1 before calcification is stimulated (The carbon dioxide utilization theory). Besides providing the optimal conditions, coralline algae present an organic matrix inside cell walls composed by polysaccharides that presents a high affinity of divalent ions (Bilan and Usov, 2001, Carvalho et al., 2017). This could be the reason for the biomineralization to take place after a minimum growth of the germinating spore, which in fact will present greater photosynthetic surface and more organic matrix production, which can provide the energy and a template necessary for the process.

Another feature that we have noticed in our results is the low concentration of calcium and magnesium in the cell walls that faced the external medium. According to previous studies there are three occasions in which coralline algae cell walls are not calcified, 1) non-calcified segments (intergenicula) of articulated coralline algae (Bilan and Usov, 2001); 2) Regions where some tissue lesion occurred, e.g. fish bites, bacterial infection (Pueschel et al., 2005); 3) Epithallial cells or reproductive structures (Borowitzka and Vesk, 1978). In this sense we can establish that coralline algae exert control over the areas that will be calcified in the thallus. The concentration of ions observed after the 4 cell stage in the EDS analyzes lead us to hypothesize that this process initiates, with the help of photosynthetic energy, in the moment that the germinating spore presents cell walls that are totally isolated of the external medium, corroborating with the intercellular biomineralization hypothesis for coralline algae presented by Mann (2001) and the bioinduced mineralization hypothesis raised by Nash et al., 2019.

The formation of high magnesium calcite crystals after the isolation of the cell walls of the innermost cells in 8 celled germinating spores is in agreement with previous studies which reported the production of crystals in confined spaces in other marine organisms, such as sea urchins (Robach et al., 2005). It is well known that this metastable calcite polymorph can only be precipitated synthetically, without the presence of additives such as proteins and polysaccharides, mixed solvents, organic monolayers or via solid transformation process, at high temperatures and high pressure (Long et al., 2014), so in the case of marine organisms, the isolation from the external media and the presence of specialized macromolecules is essential to produce these highly non-equilibrium crystals.

High resolution images from the tangential crystals produced by the epithallial cells from L. corallinae germinating spores also revealed an interesting feature of the high magnesium calcites, which is the presence of nanopores inside the crystal structure. One of the explanations of this phenomenon could be the presence of macromolecules (proteins and polysaccharides) inside its crystalline structure. During the mineralization process, some proteins and polysaccharides adhere to the growing crystal, then crystal growth rate can be fast enough to avert the macromolecule rejection, which eventually becomes overgrown. In this process, these substances can be occluded inside the crystal structure (Blake and Peacor, 1981; O'Neill, 1981; Berman et al., 1990).

Previous studies stated that one of the advantages of these macromolecules occlusion is the fact that they can enhance the toughness and cause the conchoidal fracture morphology of echinoid calcite skeletal elements, which corresponds to a change in the intrinsic brittleness of synthetic calcite (Berman et al., 1990; Berman et al., 1993).

Carvalho et al., 2017 showed the presence of fibers inside mature coralline algae calcite crystals, which was interpreted as organic matter inside the crystal structure. The combination of these organic fibers (evidenced by the possible occluded macromolecules) together with calcification process, found in this study, could indicate that coralline algae high magnesium calcite exhibits a structure that inhibits cracking of the calcite skeleton in high energy environments, such as coastal areas with strong waves or areas with strong currents.

Up to date, this is the first study that accessed nanomechanical properties of live coralline algae cells. Atomic Force microscopy analyzes revealed the hardening of the cell walls of germinating spores from 4 cells to 16 cells, which became ten times harder, with elasticity similar to other mineralizing tissues like silica stripes found in diatoms that presented 43.7 MPa (Pletikapic´ et al., 2012). The elasticity of the central part of the 16 cells germinating spores remained similar to the 4 cell spore, which suggests that this part of the coralline structure is not calcified and it is probably covered by a soft tissue, confirming the PLM, SEM and EDS results. The lack of calcification in the upper cortical cells is a feature long known for coralline algae (Borowitzka and Vesk, 1978) and this study revealed in which development stage this can be already seen. Mechanical properties (hardness and elastic modulus) from adult crusts were accessed by Nash (2016) with another technique (nanoindentation) and the analyses showed that there is a transition from soft Mg-calcite surface to fracture resistance in the perithallus, which presents dolomite. The modulus recorded for these crusts was in GPa order of magnitude, which differs from what we observed (MPa order of magnitude) because this study was performed in dead polished coralline algae skeleton, with no soft tissue cover. Moreover, nanoindentation uses much more force to indent on the sample surface, causing the deformation of the material, which is different from Atomic Force Microscopy, which uses an atomic scale sharp tip and much less force, only enough to press soft samples without damaging it aiming to provide elasticity measurements of the sample itself, not the substrate or anything else that is beneath the material.

The results herein presented, revealing the formation of first calcite crystals between 8 to 16 cells stages in L. corallinae, may support future studies availing the response of germinating spores and early biomineralization to changes in some environmental factors predicted in future atmospheric and seawater scenarios (IPCC, 2022), like seawater acidification and greenhouse effect. Some of the effects of these changes were already reported by Bradassi et al. (2013) with rising of spore mortality and abnormalities and the decrease of calcification rates. Although the study was performed with only one species (Phymatholithon lenormandii) and germinating spores developed for one week, perhaps these effects could be detected even earlier, in spores with few hours of development and with different intensities regarding different coralline algae species.

Based on the results obtained in this study, the mineralization process in the cell wall of germinating spores of Lithophyllum corallinae begins after 8 to 16 cell of settled germinating spores. This fact was evidenced by the change in the cell wall composition seen with the Polarized Light Microscopy, with the presence of Ca and Mg ions inside the cell walls of the innermost part of the individuals, the identification of high magnesium calcite in the cell wall and the increase of hardness presented by these cell walls. The explanation for the beginning of the calcification in the cell walls could be related with the increase of the spore size together with the increase of the photosynthetic tissue and cell wall organic matrix. The presence of occluded macromolecules in calcite crystals exhibits may be especially important to prevent cracking of the calcite skeleton in high energy environments, such as coastal areas with strong waves or areas with strong currents. All the analysis also confirmed the lack of calcification in the cell walls of the outermost part of the germinating spore, which allows the growth of the individual and indicates some level of control from coralline algae over its biomineralization process.



Acknoledgments

We thank CENABIO for the Scanning Electron Microscopy facilities; Laboratório de Física Biológica and Dr. Gustavo Miranda Rocha for Atomic Force Microscopy facilities and analyzes. Authors also thank FAPERJ, CNPq, CAPES and PETRORIO/ANP for financial support. M.F. and L.T.S. would like to thank CNPq and FAPERJ Brazilian agencies for research fellowships.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

RC and LS conceived and wrote the paper. MF and LS raised financial support. RB coordinated the field work and identified the coralline algae species. RC, LS and MW designed and executed the laboratory maintenance and sporulation of coralline algae. CW and MF contributed to TEM and electron diffraction data and analyses. RC, LS and MF revised the paper. All authors contributed to the article and approved the submitted version.



Funding

Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Coordenadoria de Aperfeiçoamento de Pessoal deNível Superior (CAPES), Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ), and ANP/Brasoil provided essential funding.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2022.900607/full#supplementary-material

Supplementary Figure 1 | Vegetative and reproductive characteristics of L. corallinae from Vermelha Beach, Rio de Janeiro. (A) General aspect of an adult crust adhered to the rocky shore at 4 m depth. (B) Fragment of recovered rock with only L. corallinae encrusting specimens used in this study for spore production. It is noticeable the margin from different individuals (white arrow). (C) Transversal slice of the thallus basal region, showing the dimer thallus construction. (D) Transversal slice of the thallus surface showing rounded epithallial cells and adjacent filaments joined by secondary cell connections (arrows). (E) Superficial view of the uniporate tetrasporangial conceptacles. (F) Longitudinal slice of a uniporate conceptacle. Note the presence of central columella (letter C) and papillated cells the delimits the conceptacle porous canal.



References

 Aguirre, J., Perfectti, F., and Braga, J. C. (2010). Integrating Phylogeny, Molecular Clocks, and the Fossil Record in the Evolution of Coralline Algae (Corallinales and Sporolithales, Rhodophyta). Paleobiology 36 (4), 519–533. doi: 10.1666/09041.1

 Amado-Filho, G. M., Moura, R. L., Bastos, A. C., Salgado, L. T., Sumida, P. Y., Guth, A. Z., et al. (2012). Rhodolith Beds Are Major CaCO3 Bio-Factories in the Tropical South West Atlantic. PloS One 7 (4), e35171. doi: 10.1371/journal.pone.003517

 Andersson, A. J., Mackenzie, F. T., and Bates, N. R. (2008). Life on the Margin: Implications of Ocean Acidification on Mg-Calcite, High Latitude and Cold-Water Marine Calcifiers. Mar. Ecol. Prog. Ser. 373, 265–273. doi: 10.3354/meps07639

 Bahia, R. G. (2014). Algas Coralináceas Formadoras De Rodolitos Da Plataforma Continental Tropical E Ilhas Oceânicas do Brasil: Levantamento Florístico E Taxonomia (Rio de Janeiro: Escola Nacional de Botânica Tropical), 231.

 Berman, A., Addadi, L., Kvick, Å., Leiserowitz, L., Nelson, M., and Weiner, S. (1990). Intercalation of Sea Urchin Proteins in Calcite: Study of a Crystalline Composite Material. Science 250 (4981), 664–667. doi: 10.1126/science.250.4981.664

 Berman, A., Hanson, J., Leiserowitz, L., Koetzle, T. F., Weiner, S., and Addadi, L. (1993). Crystal-Protein Interactions: Controlled Anisotropic Changes in Crystal Microtexture. J. Phys. Chem. 97 (19), 5162–5170. doi: 10.1021/j100121a052

 Bilan, M. I., and Usov, A. I. (2001). Polysaccharides of Calcareous Algae and Their Effect on Calcification Process. Russian J. Bioorganic Chem. 27, 2–16. doi: 10.1023/A:1009584516443

 Blake, D. F., and Peacor, D. R. (1981). Biomineralization on Crinoid Echinoderms. Characterization of Crinoid Skeletal Elements Using TEM and STEM Microanalysis. Scanning Electron Microscopy Pt 3), 321–328.

 Borowitzka, M. A., and Larkum, A. W. D. (1976). Calcification in the Green Alga Halimeda III. The Sources of Inorganic Carbon for Photosynthesis and Calcification and a Model of the Mechanism of Calcification. J. Exp. Bot. 27, 879–893. doi: 10.1093/jxb/27.5.879

 Borowitzka, M. A., and Vesk, M. (1978). Ultrastructure of the Corallinaceae.I. The Vegetative Ceils of Corallina Officinalis and C. Cuvierii. Mar. Biol. 46, 295–304. doi: 10.1007/BF00391400

 Bradassi, F., Cumani, F., Bressan, G., and Dupont, S. (2013). Early Reproductive Stages in the Crustose Coralline Alga Phymatolithon Lenormandii Are Strongly Affected by Mild Ocean Acidification. Mar. Biol. 160, 2261–2269. doi: 10.1007/s00227-013-2260-2

 Cabioch, J., Giraud, G., Leadbeater, B. S. C., and Reading, R. (1986). “Structural Aspects of Biomineralization in the Coralline Algae (Calcified Rhodophyceae),” in Biomineralization in Lower Plants and Animals (Oxford: Oxford Universirty Press), 141–156.

  de Carvalho, R.T., et al (2017). Biomineralization of Calcium Carbonate in the Cell Wall of Lithothamnion Crispatum (Hapalidiales, Rhodophyta): Correlation Between the Organic Matrix and the Mineral Phase. Journal of phycology 53 (3), 642–51

 Cheng, L. L. Y., Howie, R. A., and Zussman, J. (1998). “Rock Forming Minerals – Non-Silicates,” in The Geological Society, 2nd ed., vol. Volume 58. London (UK): The geological Society

 Chihara, M. (1974). The Significance of Reproductive and Spore Germination Characteristics to the Systematics of the Corallinaceae: Nonarticulated Coralline Algae. J. Phycology 10, 266–274. doi: 10.1111/j.1529-8817.1974.tb02712.x

 Derjaguin, B. V., Muller, V. M., and Toporov, Y. P. (1975). Effect of Contact Deformations on the Adhesion Particles. J. Colloid Interface 53, 314–326. doi: 10.1016/0021-9797(75)90018-1

 Fletcher, R. L., and Callow, M. E. (1992). The Settlement, Attachment and Establishment of Marine Algal Spores. J. Phycology 27, 303–329. doi: 10.1080/00071619200650281

 Foster, M. S. (2001). Rhodoliths: Between Rocks and Soft Places. J. Phycology 37, 659–667. doi: 10.1046/j.1529-8817.2001.00195.x

 Foster, M., Amado-Filho, G. M., Kamenos, N. A., Riosmena-Rodríguez, R., and Steller, D.S.. (2013). “Rhodoliths and Rhodoliths Beds,” in Contribution of SCUBA Diving to Research and Discovery in Marine Environments, 39th ed, vol. vol. 39. (Washington, DC: Smithsonian Institution Scholarly Press), 143–156.

 Henriques, M. C., Riosmena-Rodriguez, R., Coutinho, L. M., and Figueiredo, M. A. (2014). Lithophylloideae and Mastophoroideae (Corallinales, Rhodophyta) From the Brazilian Continental Shelf. Phytotaxa 190 (1), 112–129. doi: 10.11646/phytotaxa.190.1.9

 Ichiki, S., Hiroyuki, M., Hajime, Y., and Yamamoto, Y. (2000). Occurrence of Polynucleate Spores of the Crustose Coralline Alga Lithophyllum Yessoense (Corallinales, Rhdophyceae): Growth and Survival. Phycologia 39 (5), 408–415. doi: 10.2216/i0031-8884-39-5-408.1

 Inoué, S. (2008). Collected Works of Shinya Inou: Microscopes, Living Cells, and Dynamic Molecules (Singapore: World Scientific).

 IPCC (2022). “Climate Change 2022,” in Impacts, Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. [H.-O. Pörtner, D.C. Roberts, M. Tignor, E.S. Cambridge (UK): Cambridge University Press

 Jensen, P. R., Gibson, R. A., and Littler, M. M. (1985). Photosynthesis and Calcification in Four Deep-Water Halimeda Species (Chlorophyceae, Caulerpales). Deep-Sea Res. 32, 451–464. doi: 10.1016/0198-0149(85)90091-3

 Johansen, W. H. (1981). Coralline Algae, a First Synthesis (Inc: CRC Press).

 Long, X., Ma, L., and Qi, (2014). Biogenic and Synthetic High Magnesium Calcite – A Review. J. Struct. Biol. 185, 1–14. doi: 10.1016/j.jsb.2013.11.004

 Maneveldt, G. W., and Van Der Merwe, E. (2012). Heydrichia Cerasina Sp. Nov. (Sporolithales, Corallinophycidae, Rhodophyta) From the Southernmost Tip of Africa. Phycologia 51, 11–21. doi: 10.2216/11-05.1

 Mann, S. (2001). Biomineralization, Principles and Concepts in Bioinorganic Materials Chemistry (Oxford: Oxford University Press).

 McConnaughey, T. A., and Whelan, J. F. (1997). Calcification Generates Protons for Nutrient and Bicarbonate Uptake. Earth Sciences Reviews 42:95–117.

 McCoy, S. J., and Kamenos, N. A. (2015). Coralline Algae (Rhodophyta) in a Changing World: Integrating Ecological, Physiological and Geochemical Responses to Global Change. J. Phycology 51 (1), 6–24. doi: 10.1111/jpy.12262

 Nash, M. C. (2016). “Assessing Ocean Acidification Impacts on the Reef Building Properties of Crustose Coralline Algae,” in PhD Thesis (Canberra, Australia: The Australian National University), 436.

 Nash, M. C., Diaz-Pulido, G., Harvey, A. S., and Adey, W. (2019). Coralline Algal Calcification: A Morphological and Process-Based Understanding. PloS One 14 (9), e0221396. doi: 10.1371/journal.pone.0221396

 Nelson, W. A. (2009). Calcified Macroalgae – Critical to Coastal Ecosystems and Vulnerable to Change: A Review. Mar. Freshw. Res. 60, 787–801. doi: 10.1071/MF08335

 O'Neill, P. L. (1981). Polycrystalline Echinoderm Calcite and its Fracture Mechanics. Science 213 (4508), 646–648. doi: 10.1126/science.213.4508.646

 Ordoñez, A., Kennedy, E. V., and Diaz-Pulido, G. (2017). Reduced Spore Germination Explains Sensitivity of Reef-Building Algae to Climate Stressors. PloS One 12 (2), e0189122. doi: 10.1371/journal.pone.0189122

 Pittenger, B., Erina, N., and Su, C. (2012). “Quantitative Mechanical Property Mapping at the Nanoscale With PeakForce QNM,” in Bruker Corporation Application Note An128. California (USA): Bruker Surface Division. doi: 10.13140/RG.2.1.4463.8246

 Pletikapic´, G., Berquand, A., Radic´, T. M., and Svetlic˘ic´, V. (2012). Quantitative Nanomechanical Mapping of Marine Diatom in Seawater Using Peak Force Tapping Atomic Force Microscopy. J. Phycology 48, 174–185. doi: 10.1111/j.1529-8817.2011.01093.x

 Pueschel, C. M., Judson, B. L., and Wegeberg, S. (2005). Decalcification During Epithallial Cell Turnover in Jania Adhaerens (Corallinales, Rhodophyta). Phycologia 44, 156–162. doi: 10.2216/0031-8884(2005)44[156:DDECTI]2.0.CO;2

 Robach, J. S., Stock, S. R., and Veis, A. (2005). Transmission Electron Microscopy Characterization of Macromolecular Domain Cavities and Microstructure of Single-Crystal Calcite Tooth Plates of the Sea Urchin Lytechinus Variegatus. J. Struct. Biol. 151 (1), 18–29. doi: 10.1016/j.jsb.2005.04.001

 Smith, A. M., Sutherland, J. E., Kregting, L., Farr, T. J., and Winter, D. J. (2012). Phylomineralogy of the Coralline Red Algae: Correlation of Skeletal Mineralogy With Molecular Phylogeny. Phytochemistry 81, 97–108. doi: 10.1016/j.phytochem.2012.06.003

 Srivastava, L. M. (2002). Plant Growth and Development (Hormones and the environment. Oxford: Academic Press).

 Steneck, R. S. (1986). The Ecology of Coralline Algal Crusts: Convergent Patterns and Adaptive Strategies. Annu. Rev. Ecol. Systematics 17, 273–303. doi: 10.1146/annurev.es.17.110186.001421

 Vesk, M., and Borowitzka, M. A. (1984). Ultrastructure of Tetrasporogenesis in the Coralline Alga Halipton Cuvireri (Rhodophyta). J. Phycology 20, 501–515. doi: 10.1111/j.0022-3646.1984.00501.x

 Wood, E. A. (1977). Crystals and Light. An Introduction to Optic Crystallography (New York: Dover Publications Inc).

 Zhang, F., et al. (2010). "A Relationship Between D 104 Value and Composition in the Calcite-Disordered Dolomite Solid-Solution Series." American Mineralogist 95 (11-12), 1650–6.




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.

Copyright © 2022 de Carvalho, Wendt, Willemes, Bahia, Farina and Salgado. 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.




ORIGINAL RESEARCH

published: 04 July 2022

doi: 10.3389/fmars.2022.899877

[image: image2]


Coralline Algae at the Paleocene/Eocene Thermal Maximum in the Southern Pyrenees (N Spain)


Julio Aguirre 1*†, Juan I. Baceta 2† and Juan C. Braga 1†


1 Dpto. Estratigrafía y Paleontología, Facultad de Ciencias, Universidad de Granada, Granada, Spain, 2 Departamento de Geología, Facultad de Ciencia y Tecnología, Universidad del País Vasco, Bilbao, Spain




Edited by: 

Gang Li, South China Sea Institute of Oceanology, Chinese Academy of Sciences, China

Reviewed by: 

Amit K. Ghosh, Birbal Sahni Institute of Palaeosciences (BSIP), India

Sherif Farouk, Egyptian Petroleum Research Institute, Egypt

*Correspondence: 

Julio Aguirre
 jaguirre@ugr.es















†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science


Received: 19 March 2022

Accepted: 23 May 2022

Published: 04 July 2022

Citation:
Aguirre J, Baceta JI and Braga JC (2022) Coralline Algae at the Paleocene/Eocene Thermal Maximum in the Southern Pyrenees (N Spain). Front. Mar. Sci. 9:899877. doi: 10.3389/fmars.2022.899877



During the Paleocene/Eocene Thermal Maximum, ~55.6 Ma, the Earth experienced the warmest event of the last 66 Ma due to a massive release of CO2. This event lasted for ~100 thousands of years with the consequent ocean acidification (estimated pH = 7.8-7.6). In this paper, we analyze the effects of this global environmental shift on coralline algal assemblages in the Campo and Serraduy sections, in the south-central Pyrenees (Huesca, N Spain), where the PETM is recorded within coastal-to-shallow marine carbonate and siliciclastic deposits. In both sections, coralline algae occur mostly as fragments, although rhodoliths and crusts coating other organisms are also frequent. Rhodoliths occur either dispersed or locally forming dense concentrations (rhodolith beds). Distichoplax biserialis and geniculate forms (mostly Jania nummulitica) of the order Corallinales dominated the algal assemblages followed by Sporolithales and Hapalidiales. Other representatives of Corallinales, namely Spongites, Lithoporella as well as Neogoniolithon, Karpathia, and Hydrolithon, are less abundant. Species composition does not change throughout the Paleocene/Eocene boundary but the relative abundance of coralline algae as components of the carbonate sediments underwent a reduction. They were abundant during the late Thanetian but became rare during the early Ypresian. This abundance decrease is due to a drastic change in the local paleoenvironmental conditions immediately after the boundary. A hardground at the top of the Thanetian carbonates was followed by continental sedimentation. After that, marine sedimentation resumed in shallow, very restricted lagoon and peritidal settings, where muddy carbonates rich in benthic foraminifera, e.g., milioliids (with abundant Alveolina) and soritids, and eventually stromatolites were deposited. These initial restricted conditions were unfavorable for coralline algae. Adverse conditions continued to the end of the study sections although coralline algae reappeared and were locally frequent in some beds, where they occurred associated with corals. In Serraduy, the marine reflooding was also accompanied by significant terrigenous supply, precluding algal development. Therefore, the observed changes in coralline algal assemblages during the PETM in the Pyrenees were most likely related to local paleoenvironmental shifts rather than to global oceanic or atmospheric alterations.
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Introduction

Recent studies on the present-day global change, particularly increasing temperature and ocean acidification linked to the massive release of greenhouse gasses to the atmosphere due to anthropogenic activities, are progressively demanding detailed analyses of events of similar magnitude throughout the Earth history (Ridgwell and Schmidt, 2010; Gattuso and Hansson, 2011; Hönisch et al., 2012; Hansen et al., 2013; Lunt et al., 2013; Zeebe and Zachos, 2013; Burke et al., 2018; Haynes and Hönisch, 2020). One of the targets is to analyze the effects of these global processes on marine calcified biota in the geological record to model and compare with the predicted biological changes for the future. The Paleocene/Eocene thermal maximum (PETM) is a spike-like thermal event (Kennett and Stott, 1991; Thomas and Shackleton, 1996), at which researchers are looking as an ancient analogue to understand the ongoing biotic changes (Zeebe and Westbroek, 2003; Sluijs et al., 2007; Ridgwell and Schmidt, 2010; McInerney and Wing, 2011; Zeebe and Ridgwell, 2011; Hönisch et al., 2012; Zeebe, 2012; Norris et al., 2013; Zeebe and Zachos, 2013; Mudelsee et al., 2014; Haynes and Hönisch, 2020).

During the Paleocene/Eocene boundary ~55.6 million years ago (Ma), the Earth witnessed the warmest event of the last 66 Ma due to a huge delivery of CO2 to the atmosphere mostly linked to volcanism (Haynes and Hönisch, 2020). This event is recorded by an abrupt negative carbon stable isotope (δ13C) excursion (CIE) (Koch et al., 1992). It is estimated that about 1,500 ppmv of CO2 were released to the atmosphere during a short time interval of 120-220 thousands of years (kyr) (e.g., Sluijs et al., 2007; McInerney and Wing, 2011) or even less (Kennett and Stott, 1991; Zachos et al., 2005). The most recent time model suggests that there was a first pulse of CO2 release 5-6 kyr after the CIE that was followed by sustained high values for ca. 40 kyr and ended ~100 kyr (Haynes and Hönisch, 2020). As a consequence, ocean pH decreased to 7.8-7.6 and global ocean surface temperature increased 5-9°C (Zachos et al., 2005; Zachos et al., 2008; McInerney and Wing, 2011; Zeebe and Ridgwell, 2011; Zeebe, 2012; Norris et al., 2013; Zeebe and Zachos, 2013; Mudelsee et al., 2014; Haynes and Hönisch, 2020).

Despite the drastic atmospheric, temperature, and oceanic alterations taking place during the PETM, only deep-sea benthic foraminifera were significantly affected, and 35-50% of the species became extinct (Thomas, 1990; Thomas, 2007; Alegret et al., 2009a; Alegret et al., 2009b), whereas the event had a lesser impact on marginal platform inhabitants (Thomas, 2003; Alegret et al., 2005). Coral reef ecosystems also showed considerable reduction in coral species diversity, number of reef sites, reef size, and reef carbonate production during the Paleocene/Eocene boundary (Flügel and Kiessling, 2002; Schneibner and Speijer, 2008; Kiessling, 2010; Perrin and Kiessling, 2010). Norris et al. (2013) called this reef collapse as the early Eocene reef gap.

Larger benthic and planktonic foraminifera, calcareous nannoplankton and deep-sea ostracods experienced diversity turnovers during the PETM (Schaub, 1951; Hottinger, 1960; Canudo and Molina, 1992; Canudo et al., 1995; Kelly et al., 1998; Speijer and Morsi, 2002; Scheibner et al., 2005; Gibbs et al., 2006a; Gibbs et al., 2006b; Speijer et al., 2012). In addition, aberrant forms (teratologies) of calcareous nannoplankton (Raffi and De Bernardi, 2008), as well as dwarfism in deep-sea ostracods (Yamaguchi et al., 2012), have been recorded.

Coralline algae, fully calcified marine autotrophic organisms, are one of the most endangered algal groups due to global temperature increase and ocean acidification (e.g., Martin and Hall-Spencer, 2017; Cornwall et al., 2021). Laboratory studies and field observations indicate that coralline algae might be negatively affected due to ocean acidification derived from the greenhouse gasses release (Anthony et al., 2008; Hall-Spencer et al., 2008; Martin and Gattuso, 2009; Büdenbender et al., 2011; Diaz-Pulido et al., 2012; Kamenos et al., 2013; Guy-Haim et al., 2016; Martin and Hall-Spencer, 2017; Peña et al., 2020a; Cornwall et al., 2021). Nonetheless, contradictory or non-conclusive results have also been obtained (Martin and Hall-Spencer, 2017; Peña et al., 2020a; Cornwall et al., 2021; and references therein) due to acclimation of coralline algae to acidification, physiological advantages (pre-adaptations) or interaction with other non-calcified epiphytes growing on corallines (Martin and Hall-Spencer, 2017; Guy-Haim et al., 2020; Peña et al., 2020a; Cornwall et al., 2021).

In order to explore the long-term effects of the global change on coralline algae and their biological/evolutionary responses to these environmental alterations, here we analyzed coralline algal assemblages across the Paleocene/Eocene boundary and the PETM. The main aim was to assess how behaved/responded coralline algae to this major temperature change and ocean acidification event. We studied the classical sections of Campo and Serraduy, in the south-central Pyrenees (Huesca province, N Spain), which record upper Thanetian and lower Ypresian shallow-water carbonates as well as the PETM. These sections have been largely studied mostly focusing on the stratigraphy, sedimentology, biostratigraphy, and geochemistry across the Paleocene/Eocene interval (Eichenseer and Luterbacher, 1992; Payros et al., 2000; Pujalte et al., 2000a; Pujalte et al., 2000b; Orue-Etxebarria et al., 2001; Molina et al., 2003; Pujalte et al., 2003; Schmitz and Pujalte, 2003; Schmitz and Pujalte, 2007; Scheibner et al., 2007; Domingo et al., 2009; Pujalte et al., 2009a; Pujalte et al., 2009b; Robador et al., 2009; Arostegi et al., 2011; Baceta et al., 2011; Manners et al., 2013; Pujalte et al., 2014; Hamon et al., 2016; Duller et al., 2019; Li et al., 2020; Serra-Kiel et al., 2020; Pujalte et al., 2022). Regarding the fossil content, studies have focused mostly on planktonic and benthic foraminifera (both larger and small forms) as well as corals (Serra-Kiel et al., 1994; Orue-Etxebarria et al., 2001; Molina et al., 2003; Scheibner et al., 2007; Li et al., 2020; Serra-Kiel et al., 2020). Nonetheless, no detailed analysis of the coralline algae throughout the Paleocene-Eocene transition has been carried out. We analyze the type of occurrence, species diversity and relative abundance of coralline algae with respect to other fossils throughout the late Thanetian (late Paleocene)-early Ypresian (early Eocene) interval to check how global alterations during the PETM affected coralline algae. In the case of rhodoliths, we also examine the coralline algal growth forms, as well as the inner algal arrangements and external morphology.



Geological Setting

The Pyrenees is a reference area in Western Europe for the study of Paleogene shallow to deep-marine deposits and the series of distinct biotic and physical events that punctuated the beginning of the Cenozoic. During the Paleocene and early Eocene, the Pyrenean basin was a large marine embayment opening to the Bay of Biscay, to the WNW, with a central (hemi)pelagic trough flanked on the north, south and east by extensive shallow marine carbonate platforms (Baceta et al., 2004; Baceta et al., 2011) (Figure 1A). The platform systems evolved with general ramp profiles and most sectors exhibit a wide range of carbonate facies representative of beaches, tidal flats, lagoons, seagrass banks, shoals, tidal bars and a variety of reefal constructions. Most inner to mid ramp lithofacies are relatively rich in photic-dependent organisms (calcareous red algae, corals, larger benthic foraminifera –LBF–) and also comprise a varied heterozoan biota, represented by mollusks, bryozoans, echinoderms (Eichenseer, 1988; Serra-Kiel et al., 1994; Baceta, 1996; Baceta et al., 2004; Robador, 2008; Baceta et al., 2011). Landwards, the platform successions interfinger with siliciclastic and mixed sediments with subordinate evaporites and discontinuous paleosols, known as the Garumnian facies, which represent alluvial to coastal plain depositional environments (Figure 1A).




Figure 1 | (A) General paleogeography of the Pyrenean area during the earliest Eocene, at the time of the so-called Ilerdian transgression (adapted from Baceta et al., 2004). (B) Enlarged geographic map of part of the Ainsa-Tremp sector of the Pyrenean basin with location of the Campo and Serraduy sections (yellow starts). (C) Integrated stratigraphy of the upper Paleocene-lowermost Eocene strata of the Ainsa-Tremp area (adapted from Baceta et al., 2011; Pujalte et al., 2014). The rectangles indicate the position of the two study stratigraphic sections within the general stratigraphic framework.



Sedimentation during the Paleocene and early Eocene in the Pyrenean basin margins evolved under general transgressive conditions, punctuated by a number of third order relative sea-level falls of variable magnitude and regional extent. These sea level drops are recorded by abrupt facies shifts and more or less prominent erosional discontinuities, commonly associated to enhanced subaerial exposure. Based on mapping and regional correlation, up to five depositional sequences recording shallow marine settings have been distinguished within the upper Thanetian-lower Ypresian succession (Eichenseer and Luterbacher, 1992; Baceta, 1996; Baceta et al., 2004; Baceta et al., 2011).

Our study focuses on the Paleocene to lower Eocene coralline red algae recorded in the Campo and Serraduy sections, which form part of continuous outcrops along the Ferrera and Morillo-Merli ridges, on the northern flank of the Tremp-Ainsa area (Figure 1B). Previous studies in these two sections and on coeval outcrops in the whole Tremp-Ainsa area have provided a well-constrained stratigraphic framework for the alluvial-coastal to shallow marine successions embedding the PETM event (e.g., Eichenseer, 1988; Payros et al., 2000; Baceta et al., 2004; Baceta et al., 2011). A detailed biostratigraphic scheme has been proposed based on LBF biozonation calibrated with standard calcareous plankton zonations and magnetostratigraphy (e.g., Hottinger and Schaub, 1960; Schaub, 1973; Serra-Kiel et al., 1994; Serra-Kiel et al., 1998; Orue-Etxebarria et al., 2001; Pujalte et al., 2009b; Serra-Kiel et al., 2020) (Figure 1C).

The upper Paleocene to lower Eocene strata of the area involves the interbedding of four lithostratigraphic formations (Figure 1C). The Esplugafreda and Claret Formations are made up of siliciclastic deposits formed in alluvial to coastal settings. The Navarri and Serraduy Formations are dominated by carbonate lithofacies representing coastal, lagoonal and shallow marine environments. In terms of sequence stratigraphy, the upper Paleocene Esplugafreda and Navarri Formations embrace two third-order depositional sequences (the Th-1 and Th-2) and the lower Ypresian Claret and Serraduy Formations comprise three depositional sequences (IL-1, IL-2 and IL-3) (Figure 1C). The PETM, as determined from detailed geochemical and isotopic studies (Pujalte et al., 2014; Pujalte et al., 2022) lies within the lowermost Ypresian IL-1 sequence, encompassing most of the alluvial Claret Fm. and the lowermost marine deposits of the Serraduy Formation (Figure 1C).

According to paleogeographic reconstructions of the area (Pujalte et al., 2014), the Serraduy section represents a shallower position relative to the Campo section. This is clearly evidenced by the architecture of the upper Paleocene succession, which at Campo section mainly consists of shallow marine carbonates, whereas at Serraduy section it is mostly made up of continental Garumnian facies. In both sections, the early Eocene comprises coastal and shallow-marine carbonates defining a deepening succession that culminates with middle to outer ramp deposits. In most outcrops of the Tremp-Ainsa area, the PETM event lies within continental siliciclastic deposits. In the Campo section, it is recorded within an interval of continental clastics with discontinuous palustrine carbonates passing vertically to inner ramp and restricted tidal flat carbonates (Figure 1C). The vertical facies succession of the Paleocene-lower Eocene deposits exposed at Campo and Serraduy is synthetized in Figure 2.




Figure 2 | Stratigraphic logs of the Campo (A) and Serraduy (B) sections, with indication of facies, main intervals, stratigraphic sequences (Th and IL), biostratigraphy, and the location of the samples studied for coralline algae (after Eichenseer, 1988; Serra-Kiel et al., 1994; Robador, 2008; Baceta et al., 2011; Serra-Kiel et al., 2020). Wck, Wackestone; Pck, Packstone; Grst, Grainstone; Rudst, Rudstone; Flst, Floastone; SB, Sequence boundary.





Stratigraphic Sections


Campo Section

This section is located along the banks of the Esera River, 1 km south from the village of Campo (Figure 1B). Three main outcrops (along the old road to Ainsa, the local road to Navarri, and the road from Campo to Graus) allow the bed-by-bed analysis of 173 m of the upper Paleocene to lower Eocene deposits (Figure 2A). Sampling was focused in two intervals. The lower one comprises the uppermost 38 m of the Thanetian Th-2 sequence, which is made up of middle ramp bioclastic carbonates with decimeter- to meter-thick sigmoidal cross bedded tidal bars trending towards the east and southeast. This interval culminates with a massive muddy limestone rich in corals, red algae and mollusks, just below the prominent discontinuity at the top of the Th-2 sequence that marks the Paleocene-Eocene boundary. According to Serra-Kiel et al. (1994; 2020), the LBF assemblage of this upper part of the Th-2 sequence comprises Glomalveolina levis, Assilina yvettae, A. azilensis, and Daviesina garumnensis, all characteristic of the SBZ4 biozone of Serra-Kiel et al. (1998) (Figure 2A).

The upper interval, up to 41 m thick, belongs to the lower Eocene and comprises the upper part of the IL-1 and most of the IL-2 depositional sequences (Figure 2A). This interval mainly consists of shallow, inner-ramp carbonates rich in alveolinids, small milioliids, and soritids, associated with subordinate gastropods and bivalves (oysters and lucinids). A 2.5 m thick massive coral-rich limestone bed defining the base of sequence IL-2 was the only providing significant amounts of coralline algae. Therefore, this bed was sampled in two different outcrops: 1) samples CPE-14 and 15 on the new road to Graus, and, 2) samples CPN-1 to 3 on the old road to Ainsa. According to Serra-Kiel et al. (1994; 2020), this interval encompasses LBF association characteristic of the SBZ5 (Alveolina vredenburgi, A. aramea, A. varians) and the lower part of SBZ6 (A. ellipsoidalis, A. pasticillata, A. aff. aragonensis) (Figure 2A).



Serraduy Section

The Serraduy section is located 0.5 km north of Serraduy del Pont, on the Isabena valley, ~12 km to the SE of Campo (Figure 1B). Correlation through mapping of the outcrops on both river banks, the Serraduy East and Serraduy West, allowed analyzing in detail a 130 m thick section of upper Paleocene (66 m) and lower Eocene (64 m) deposits (Figure 2B).

The upper Paleocene is mostly siliciclastic and consists of red to brownish calcareous lutites with intercalations of medium to coarse-grained lithic sandstones forming lenses, sheets and discrete channel fills (alluvial floodplain deposits), and discontinuous development of calcrete paleosols. Two discrete intervals of shallow marine carbonates, respectively up to 4 and 8 m thick, define the maximum flooding stages within the upper Paleocene depositional sequences Th-1 and Th-2 (Figures 1C, 2B). We sampled the upper one (Th-2 sequence) (Figure 2B). The lower beds of this upper limestone unit are sandy coralgal limestones, which are the only ones in the Thanetian of Serraduy section containing significant amount of red algae (samples SEW-0 to 2). According to Serra-Kiel et al. (1994; 2020), the lower limestone interval (Th-1 sequence) comprises a LBF assemblage of Glomalveolina primaeva, Idalina sinjarica, and Miscellanea yvettae, indicative of the SBZ3, whereas the upper limestone interval (Th-2 sequence) includes Glomalveolina levis and Daviesina garumnensis, two characteristic taxa of the SBZ4 (Figure 2B).

The lower Eocene deposits belong to depositional sequences IL-1 to IL-3 (Figure 2B). The IL-1 is entirely made up of continental deposits, including the characteristic Claret conglomerate member of the Claret Formation, which according to Pujalte et al. (2014; 2022) marks the beginning of the PETM event in the whole Tremp-Ainsa area.

The IL-2 consists of shallow marine carbonates. The bulk deposits correspond to bedded packstone-grainstones rich in alveolinids and soritids with a LBF assemblage of Alveolina vredenbrigi, A. aramea and Opertorbitolites gracilis (SBZ5) in the lower beds, and A. ellipsoidalis, A. dolioliformis and Opertorbitolites (lower part of SBZ6) in the upper beds (Figure 2B). On the Serraduy West outcrop, a bed with scattered corals 13 m above the base of the sequence is the only one with significant red algal content (samples SEW-3). On the east outcrops of the valley, a distinct massive bed package of coralgal limestones, up to 17 m thick, interfingers with the dominant Alveolina-rich deposits and comprises the main interval sampled for red algae (samples SEE-1 to 10) (Figure 2B). Eichenseer and Luterbacher (1992) interpreted these massive limestones as a low-relief coral biostrome.

The overlying IL-3 sequence rests unconformably onto the IL-2 sequence and consists mainly of bioturbated sandstones, silty marls, and sandy limestones that eventually form meter-thick tidal bars with sigmoidal cross bedding trending towards the northeast and southeast. The fossil content in the mixed deposits is a mixture of small nummulitids, milioliids, rare Alveolina, green algae (dasyclads), bivalves, echinoids and gastropods. Vertically, the basal mixed deposits of the IL-3 pass gradually into Alveolina-rich packstone-grainstones, similar to those defining the bulk of sequence IL-2. The LBF assemblage of these uppermost limestones comprises Alveolina ellipsoidalis, A. dolioliformis, Glomalveolina lepidula, Opertorbitolites, and Nummulites bigurdensis, defining the upper part of the SBZ6 (Serra-Kiel et al., 1998).




Methods

Coralline algae occur mostly as fragments, which do not preserve enough taxonomic features to be identified at any precise taxonomic level. In these cases, we estimate the relative abundance of coralline algal fragments using the charts of Baccelle and Bosellini (1956).

In the upper Thanetian carbonates, coralline algae occur forming rhodoliths concentrated in particular beds. Here, preservation of the coralline algae is better allowing more precise taxonomic identifications. In these cases, the relative abundance of species was quantified by point-counting the area occupied by each taxon (Perrin et al., 1995). We identified the coralline algae at the lowest possible taxonomic level, in most cases at species level. When the specimens could not be confidently assigned to a described species, we used an open specific nomenclature. The taxonomic schemes of orders, families, subfamilies and genera follow recent molecular phylogenies (Peña et al., 2020b; Jeong et al., 2021).

The external rhodolith morphology was examined in different 2-D sections at the outcrops, as extraction of complete and isolated rhodoliths was impossible due to cementation of limestones. The internal arrangement, algal growth form, and algal composition of rhodoliths were analyzed in thin sections. We use the terminology proposed by Woelkerling et al. (1993), as well as the recent terminology updated by Aguirre et al. (2017).

All data are compiled in Table 1, and a discussion of some of the identified taxa is provided in the Taxonomic Appendix.


Table 1 | Coralline algal species distribution in the two study sections, indicating presence (X) of each taxon in the samples.





Results


Coralline Algal Occurrences

Most of the coralline algae occur as fragments in rudstone, grainstone and packstone lithofacies. They occur with other bioclasts, mostly, larger and small benthic foraminifers, corals, mollusks, bryozoans, echinoids, serpulids, and barnacles, as well as additional rhodophytes, such as Marinella lugeoni Pfender 1939 and the peyssonneliacean Polystrata alba, (Pfender) Denizot 1968 and chlorophytes of the orders Dasycladales and Bryopsidales (Halimeda spp) (Figure 3).




Figure 3 | (A) Superimposed thalli of Polystrata alba (nucleus of the rhodolith) and coralline algae (sample SEW-15). (B) Marinella lugeoni (sample CPE-7). (C) Longitudinal section of a Halimeda plate (sample CPE-5). (D) Oblique section of a dasycladalean green alga (sample SEE-6i).



Coralline algal fragments are small (up to 2 mm; very exceptionally larger) and abraded due to reworking (Figures 4A, B). In both sections, coralline algae represent up to 30% of the rock volume in the upper Thanetian sediments. The proportion decreases substantially in the lower Ypresian deposits, with values ranging from 1 to 5% (exceptionally, up to 10% in sample CPE-15).




Figure 4 | (A, B) Grainstone-rudstones of bioclasts including geniculate coralline algae (gen), D. biserialis (Db), larger benthic foraminifera (LBF), echinoids (ech), small benthic foraminifera (sbf), and M. lugeoni (Ml) (A: sample CPE-4; B: sample CPE-7). (C, D) Thin laminar encrusting coralline algae coating corals (Co) embedded in a wackestone matrix (C: sample SEW-2ii; D: sample SEE-6). (E) Sporolithon sp. engulfing geniculate coralline algae (sample SEW-1ii).



Due to high fragmentation and abrasion in these lithofacies, most coralline algal remains do not show diagnostic characteristics to be properly identified, even at family and order levels. Nonetheless, in some fragments reproductive structures are preserved allowing their identification. In the case of Distichoplax biserialis, the characteristic laminar growth forms and the isobilateral cell arrangements facilitate its identification.

In the small coral buildups found both in the upper Thanetian and lower Ypresian deposits, coralline algae occur as fragments in the matrix and as thin laminar crusts attached to corals (Figures 4C, D). More rarely, they form small rhodoliths with bioclastic nuclei, mostly corals or other algal fragments (Figure 4E).

Coralline algae also occur loosely to densely packed in rhodolith beds (Aguirre et al., 2017), such as those found in the upper part of the Navarri Formation in the Campo section (samples CPE-8 and CPE-10) (Figures 5A–E). The loosely packed beds consist of ellipsoidal rhodoliths, from 1 to 3 cm in largest diameter, made up of encrusting to warty corallines (Figures 5A, C). They are embedded in a fine-grained packstone-wackestone matrix with accompanying organisms such as echinoids, benthic foraminifers, and bryozoans. Densely packed rhodolith beds contain spheroidal to ellipsoidal rhodoliths, up to 7 cm in largest diameter, consisting of encrusting, fruticose and warty corallines (Figures 5B, D, E). In this case, rhodoliths are included in a packstone (rarely grainstone) matrix.




Figure 5 | (A) Loosely packed rhodolith bed. (B) Densely packed rhodolith bed. (C–E) Detail of warty-fruticose rhodliths. (F) Thin encrusting algae coating corals. (A–E): pictures of the upper part of the Navarri Fm. (late Thanetian) in the Campo section. (F) picture of the lower part of the Serraduy Fm. (early Ypresian) in the Campo section.



Internally, rhodoliths are either multispecific or monospecific (Figure 6). They are built up by coralline algae intergrown with encrusting foraminifera (mainly Solenomeris), serpulids, bryozoans, and Polystrata alba (Figures 3A, 6). The nuclei of rhodoliths consist of lithoclasts or bioclasts, such as corals (Figures 5F, 6). Internal voids are filled with the matrix sediment or are open and later filled up with cement. In some cases, rhodoliths are asymmetrical and geopetal structures indicate that the preferential algal growth coincided with the upright position of the rhodolith. This suggests that rhodoliths are preserved in their original growth position, without substantial reworking.




Figure 6 | Composite pictures of three rhodoliths. (A) Rhodolith formed by the intergrowth of encrusting coralline algae and Solenomeris (So) embedded in a packstone matrix (sample CPE-8iii). (B) Encrusting-warty thalli of Sporolithon spp. overgrowing a lithified carbonate nucleus. Geopetal filling, coinciding with the asymmetrical algal development to the upper part of the picture, is indicated in the lower part of the photo (sample CPE-8). (C) Laminar-encrusting algae overgrowing corals. The rhodolith is embedded in a wackestone-mudstone marly matrix (sample CPE-10).





Coralline Algal Diversity

The orders Corallinales, Hapalidiales, and Sporolithales are represented throughout the late Thanetian-early Ypresian interval in the study sections, being the two former groups the most diversified (Table 1; Figure 7). In the late Thanetian, coralline assemblages include up to 16 species. Maximum coralline diversification is found in the coral floatstone facies sampled at Serraduy section (samples SEW-0 and SEW-1) (Figures 2B, 7). The three algal orders underwent a drastic reduction in the number of species in the earliest Ypresian, with a virtual disappearance within the first marine beds encompassing and immediately above the PETM at the Campo section. Here, the limestones were almost exclusively dominated by LBF packstones-grainstones, with alveolinids and subordinate soritids. After this interval, the species richness of corallines increases in the early Ypresian. This diversity recovery is associated with the development of coral buildups at the base of IL-2 in both Campo and Serraduy sections.




Figure 7 | Coralline algal species abundance in the study sections.



The estimation of the relative abundance of species is hampered by preservation. Among the easily identifiable ones, the best represented is Distichoplax biserialis, which occurs in all samples, followed by geniculate species. The abundance of D. biserialis embedded in a packstone-wackestone matrix found in the uppermost Thanetian carbonates in the Campo section (samples CPE-9 and CPE-10) is remarkable, as it ranges from 73% to 95% of the coralline assemblages (Figure 8).




Figure 8 | Disctichoplax biserialis concentration at the upper part of the Navarri Formation (late Thanetian) in the Campo section (sample CEP-9).



In contrast, preservation of coralline algae in the upper Thanetian rhodolith beds of Campo allows estimating species abundance. Here, members of the order Sporolithales were the most abundant (up to 75%), being Sporolithon lugeoni the best-represented species, followed by Spongites sp. 1, a few Hapalidiales, and anecdotal presence of laminar crusts of Lithoporella spp.

The thin laminar algae encrusting corals, both in the Thanetian and in the Ypresian, are mostly Lithoporella spp, and Lithothamnion crispithallus and Lithothamnion sp 5.




Discussion


Paleoenvironmental Evolution

High fragmentation and rounding of coralline algae and other bioclasts, in the cross-bedded deposits defining the lower part of the upper Thanetian Navarri Formation indicate high-energy conditions in an open inner ramp setting. Dominance of Corallinales is consistent with these shallow water conditions (Braga and Martín, 1988; Braga and Aguirre, 2001; Braga and Aguirre, 2004; Aguirre et al., 2017). Particularly interesting is the relative abundance of geniculate coralline algae, which dominate in high-energy intertidal, shallow-subtidal settings, both in the present day (Garbary and Johansen, 1982; Canals and Ballesteros, 1997; Couto et al., 2014) and in the fossil record (Scheibner et al., 2007; Quaranta et al., 2012; Brandano, 2017). In these settings, they are prone to disarticulation and breakage after death, thus, reducing their fossilization potential (Aguirre et al., 2000a; Aguirre et al., 2010; Basso, 2012). During the late Thanetian, coralline algae diversified in small coral buildups, such as those found in the Serraduy section (samples SEW-0 and SEW-1) (Figures 2B, 7).

In addition to coralline algal fragments, loosely and densely packed rhodolith beds developed at the upper part of the Navarri Formation. Although rhodolith shape and algal growth forms in the outer parts of the rhodoliths can be water-depth and hydrodynamic indicators (Bracchi et al., 2022), laboratory experiments and field observations have shown that in most cases there is no correlation between those factors (Aguirre et al., 2017; Braga, 2017; O’Connell et al., 2020; and references therein). In the Campo section, several evidences suggest that rhodolith beds formed in relatively deep, calm marine settings, most likely in a middle ramp: 1) the matrix surrounding the rhodoliths is fine grained-muddy carbonate; 2) Sporolithon spp. are major components of the rhodoliths, indicating growth in relative deep waters (several tens of meters), as abundance of Sporolithales increases with water depth (Adey and Macintyre, 1973; Adey, 1979; Minnery et al., 1985; Adey, 1986; Fravega et al., 1989; Minnery, 1990; Aguirre et al., 2000a; Braga and Aguirre, 2001; Braga and Aguirre, 2004; Braga and Bassi, 2007; Braga et al., 2009); and, 3) geopetal fillings point to a normal polarity of rhodoliths and preservation in growth position without significant reworking.

The uppermost carbonate beds of the upper Thanetian Navarri Formation, immediately below the karst surface, are overwhelmingly dominated by large laminar thalli of D. biserialis dispersed in a muddy (packstone-wackestone) matrix (Figure 8). Loose laminar growth forms of this coralline alga in fine-grained sediments suggest low energy conditions. These sediments at the top of the Navarri Formation are interpreted as middle ramp deposits as well (Scheibner et al, 2007; Li et al., 2020).

In the Campo section, the Paleocene-Eocene boundary is represented by a subaerial erosional surface that reflects a profound paleoenvironmental change in the study region. Overlying the unconformity, continental clays, sands, and discontinuous palustrine limestones of the Claret Formation formed. Continental sedimentation was coeval with a sea level lowering during the carbon isotope excursion (CIE) recorded at the Paleocene/Eocene transition (e.g., Pujalte et al., 2014; Pujalte et al., 2022). In the Campo section, the continental interval is overlain by packstone-wackestone beds of alveolinids, which are topped, in turn, by laminated microbial carbonates (upper deposits of IL-1 sequence). The almost exclusive dominance of Alveolina indicates that they formed in a very restricted lagoon with probable fluctuations in salinity (BouDagher-Fadel, 2018). The profuse development of microbial laminites, with evaporite minerals, reveals marginal/very restricted to eventually hypersaline environmental conditions. Coralline algae were absent in all these settings. Stratal geometry of these first marine beds shows an onlap indicating relative sea-level rise, which increased accommodation.

Higher up into the study sections, milioliids and locally oysters (sample CPE-14), together with Alveolina, dominate the fossil assemblages. Milioliids are small benthic foraminifers preferentially inhabiting lagoons (Murray, 1991; Murray, 2006). Dasyclads are also abundant in the lower Ypresian carbonates, particularly in the Serraduy section (Table 1). They preferentially inhabit low latitude, shallow bays and lagoons (Flügel, 1985; Flügel, 1991; Berger and Kaever, 1992; Aguirre and Riding, 2005; Berger, 2006).

Locally, small coral patches, corresponding to samples CPE-15 and CPN-3 of the Campo section, as well as samples SEW-3 and SEE-5—SEE-9 of the Serraduy section, grew in these shallow-water environments dominated by alveolinids. Corals are embedded in a wackestone-packstone matrix, very rich in milioliids, and suggest relatively normal marine conditions, probably in lagoonal areas with connection with open marine waters. The only records of corallines in the lower Ypresian deposits of the Campo section are found in the coral patches at the base of sequence IL-2. In the Serraduy section, coralline algae are present but scarce in all samples from the lower Ypresian IL-2 sequence, being more abundant in the coral buildups (Table 1).

In the Campo section, the lower Ypresian carbonates above the coral buildups represent a progressive deepening trend, as inferred by the progressive diversification of the larger benthic foraminifer assemblages (particularly, nummulitids) as well as other invertebrates (bivalves, gastropods, and echinoderms). In the uppermost part of the section, a monospecific bed of lucinids preserved in life position (below sample CPE-19) is found. The family Lucinidae is one of the most diversified groups of bivalves in chemosynthetic communities associated with hydrothermal vents and cold seeps, disoxic bottom conditions and/or eutrophic settings (Taylor and Glover, 2006). This suggests the prevalence of harsh conditions for coralline algae during the early Ypresian deepening in the Campo section.



Coralline Algal Diversity During the PETM

In terms of number of species, coralline algae maintain similar species richness along the late Thanetian-early Ypresian interval in our study case (Figure 7). During the Thanetian, diversity peaked in particular beds, such as the rhodolith beds of the Campo section and in the coral buildups of the Serraduy section. In addition, the three coralline algal groups, namely Sporolithales, Hapalidiales, and Corallinales, keep similar diversity values, being Corallinales and Hapalidiales the most diversified ones (Figure 7).

Our results also show that the species found in the early Ypresian are also found in the late Thanetian deposits (Table 1). This means that no extinction event is recorded at the Paleocene-Eocene transition at Campo and Serraduy sections. Furthermore, no significant turnover is observed since no new species occurred in the lower Ypresian deposits.

The global diversification history of coralline algae shows a slight increase in diversity during the late Paleocene-early Eocene transition due to the diversification of Hapalidiales (Aguirre et al., 2000a). Nonetheless, no significant diversity change is observed in the Pyrenean study areas. Both in Campo and Serraduy sections, coralline algae disappeared during the deposition of the Claret Formation and recovered long time after the Paleocene-Eocene boundary, within the Serraduy Formation.

After the continentalization during the PETM interval, represented by the Claret Formation, marine deposition restarted in the early Ypresian but in very restricted lagoonal settings, unfavorable for the growth of coralline algae (Woelkerling et al., 1993). These paleoenvironmental conditions remained during accumulation of Alveolina-rich deposits that form the bulk of the Serraduy Formation, inhibiting extensive coralline algal development. In the Campo section, siliciclastic content increases in the two topmost samples (CPE-19 and CPE-20) representing the inner to middle ramp transition. This might account for the virtual absence of coralline algae since terrigenous supply inhibits their profuse development (Aguirre et al., 2017).

Coralline algae, however, occurred associated with the lower Ypresian coral patch reefs, as laminar and thin crusts coating the coral colonies (Figures 4C, D, 5F). Coral growth and expansion of coralline algae denote the reestablishment of fully marine conditions. In these settings, coralline algae became totally diversified, with species richness similar to that of the late Thanetian (Table 1; Figure 7). It seems, therefore, that, in the Pyrenean localities, coralline algae disappeared after the PETM due to drastic shifts in local environmental conditions, not as a consequence of global events.

We are not able to ascertain that the massive release of CO2 to the atmosphere ~55.6 Ma, with the consequent ocean acidification due to lowering pH and temperature rise, affected negatively to coralline algae. Indeed, species richness and species composition were the same when fully marine conditions resumed in the region.

Furthermore to analyze inventories of coralline algal species to evaluate diversity changes throughout the Paleocene-Eocene transition, it is also interesting to investigate the PETM effects on rhodolith beds. After the mass extinction affecting coralline algae at the end of the Cretaceous (Aguirre et al., 2000a; Aguirre et al., 2000b), rhodolith beds spread significantly during the late Danian and early Thanetian (Aguirre et al., 2007); i.e., after a long time of recovery. In the Pyrenees, rhodolith beds were present by the end of the Thanetian (uppermost interval of Navarri Formation) but they were absent during the early Ypresian. Globally, a significant reduction of rhodolith-rich deposits, which are rarely recorded, took place during the early Eocene (Howe, 1934; Lemoine and Mengaud, 1934; Aguirre et al., 2011), and continued during the middle Eocene, at least in mid and high latitudes (Aguirre et al., 2020). Rhodolith beds became widely recorded again in the late Eocene (Aguirre et al., 2020).




Conclusions

We studied coralline algal assemblages in shallow-marine carbonate and siliciclastic deposits during the Paleocene/Eocene Thermal Maximum (PETM) in the Campo and Serraduy sections, in the south-central Pyrenees (Huesca, N Spain). Coralline algae occur mostly as fragments of branches and forming rhodoliths, which occur either dispersed or in densely packed concentrations (rhodolith beds). Representatives of the orders Sporolithales, Hapalidiales, and Corallinales are present, being Corallinales and Hapalidiales the most diversified ones. Species composition and diversity do not change throughout the Paleocene/Eocene boundary but the relative abundance of coralline algae as components of the carbonate sediments underwent a considerable reduction: from abundant during the late Thanetian to scarce during the early Ypresian. This abundance drop was due to a drastic change in the local paleoenvironmental conditions immediately after the Paleocene/Eocene boundary. The Thanetian marine sedimentation ended with a hardground, which is followed, in turn, by continental deposits formed during the PETM. Marine deposition resumed in shallow, very restricted lagoon and peritidal settings, as indicated by the almost exclusive dominance of Alveolina, milioliids and soritids in muddy carbonates. These paleoenvironmental conditions were unfavorable for the development of coralline algae. They reappeared, and were locally abundant, associated with corals in lower Ypresian beds, where they show diversity values and species composition similar to pre-PETM deposits.



Taxonomic Appendix

Species identification of fossil specimens is always challenging since it is based on morpho-anatomical features and depends mostly on their preservation state. Concerning fossil coralline algae, taking into consideration the ongoing phylogenetic classification schemes of recent taxa, their identification is complicated even at supraspecific levels. Preservation of the sporangial reproductive structures is needed to assign fossil specimens to any of the four fully-calcified coralline algal orders (Jeong et al., 2021). Unfortunately, this is not always the case and many fossil specimens cannot be correctly identified at any supraspecific level. Based on characters usually preserved in the fossil record, the most feasible taxonomic approach is, at best, the subfamily or family level. The problem is exacerbated when trying to use an already proposed species epithet based on fossil material. Historically, authors have defined species based on ambiguous anatomical characters and have preferred to proposed new names for their findings instead of using already existing ones (Braga and Aguirre, 1995; Aguirre and Braga, 2005). An additional trouble is the inconsistent use of published species names by other scientists to name their specimens. This has produced an overabundance of species names to designate entities that cannot be unambiguously separated (Aguirre and Braga, 2005).

Regarding our study case, we checked species names of coralline algae described in Paleocene-Oligocene deposits. To avoid reinterpretations of original species definitions by later authors, we resort to the original descriptions and illustrations of the species. A description of the anatomical and reproductive features of some coralline algal species recognized in our samples and their similarities with closest species are given below. We focus only on those species that deserve some discussion since they underwent diverse taxonomic interpretations. Thus, we discuss the possible species names that can be assigned to some of the identified morphospecies. For those specimens that are not easily attributed to any species name, we keep an open species nomenclature. In addition, we provide a taxonomic key for all the identified species (Table 2) and illustrate all of them in Figures 9–12.


Table 2 | Identification key with the anatomical and reproductive features characterizing the genera and species found in the study areas.






Figure 9 | (A) Sporolithon oulianovii (sample CPE-10). (B) Sporolithon sp. 1 (sample CPN-3). (C) Sporolithon brevium/airoldii (sample CPE-3). (D) Sporolithon lugeonii (sample CPE-8). (E) Spermetangial conceptacles of S. lugeonii (sample CPE-8). (F) Melobesia sp. Arrowheads indicacte two pore canals at the conceptacle roof (sample CPE-8). (G) Branch of Lithothamnion cf. corallioides (sample CPE-6).



Order Sporolithales (Figures 9A–E)

	Sporolithon lugeonii (Pfender) Ghosh and Maithy 1996 (Figures 9D, E) We have identified some plants with small uniporate, pear-like shaped conceptacles (100-125 μm in diameter and 100 μm in height) (Figure 9E). They show vegetative anatomy and cell sizes similar to Sporolithon lugeonii. Therefore, we interpret these plants as gametangial (male) conceptacles of S. lugeonii. Nonetheless, these gametangial conceptacles coincide both in shape and size to those described as Sporolithon sp. 2 by Basso et al. (2019) or as S. airoldii by Vannucci et al. (2010).

	Sporolithon brevium (Lemoine) Aguirre and Braga 1988/Sporolithon airoldii (Fravega) Vannucci, Quaranta and Basso 2010 (Figure 9C). Based on vegetative anatomy, thallus construction and reproductive structures, this species shows similarities with Sporolithon airoldii (Fravega, 1984; Vannucci et al., 2010). It also recalls the type material of Sporolithon brevium (Aguirre and Braga, 1998), and Sporolithon keenani Howe 1934.

	Sporolithon sp. 1 (Figure 9B). This species has been found in one sample. It is a monomerous plant with a laminar and encrusting growth form. Thallus is thin, with a thin plumose ventral core, made up by 2-3 cell rows that bend upwards to the peripheral region, which consists of up to 15 cell rows. Reproductive structures consist of a few isolated sporangial cavities (3-5 cavities) grouped into very protruding nemathecia-like sori.

	Undifferentiated Sporolithales. Under this category, we include small unidentifiable fragments of plants preserving sori.



Order Hapalidales (Figures 9F, G, 10, 11A–C).

	Melobesia sp. (Figure 9F). This species shows dimerous, laminar, very thin thalli made up of 2-3 cell rows that thicken around multiporate conceptacle cavities. The study specimens show similarities with Melobesia sp. from the middle Eocene from the Subbetic of the Betic Cordillera (S Spain) (Aguirre et al., 2020).

	Lithothamnion concretum Howe 1919a (Figure 10C). The study material fits with the original description of this species by Howe (1919a). That is, fruticose plants, occasionally encrusting, with cell filaments arranged in regular zones in the center of the branches, with a relatively well-defined lateral alignment of cells of adjacent filaments. Sporangial conceptacles are up to 750 μm in diameter and 100 μm in height and do not protrude on the thallus surface. This species is close to Lithothamnion pianfolchi Mastrorilli, 1967 and that identified as Mesophyllum ryukyuensis Johnson, 1964. Nonetheless, these two species have smaller sporangial conceptacles. The species also resembles Lithothamnion ramosissimum (Reuss) Piller 1994 (Piller, 1994; Aguirre et al., 1996), although this species is more recent (Neogene).

	Lithothamnion cf. corallinaeforme Lemoine 1924 (Figures 9G, 10A). The specimens identified within this species epithet show growth form, thallus construction, vegetative anatomy and reproductive structures comparable with the type material of L. corallinaeforme Lemoine, 1924 as reassessed by Aguirre et al. (2012). Lithothamnion marianae Johnson, 1957 presents similarities with Lemoine’s species. The growth forms (slender, long branches), as well as the cell size and shape (rectangular to polygonal with a thickened cell wall) are anatomical features highlighted both by Johnson (1957) and by Aguirre et al. (2012) in the description of the two species.

	Lithothamnion cf. exuberans Mastrorilli 1967 (Figure 10D). This species occurs as fragmented branches. Cell filaments in the center of the branch form regular growth zones. Sporangial conceptacles slightly protrude above the thallus surface and measure about 200 μm in diameter and 100-130 μm in height. They are slightly trapezoidal but irregular in shape and possess conspicuous pore canals in the roof. The specimens showing these features can be assigned to the species Lithothamnion exuberans Mastrorilli, 1967, who highlighted the irregular shape of the sporangial conceptacles, which is a typical character of the study material. Similar coralline algae were described as Lithothamnion sp. 4 by Aguirre et al. (2020) from the middle Eocene carbonates of Subbetic Zones, Betic Cordillera (S Spain), Colombia, and Dominican Republic.

	Lithothamnion crispithallus Johnson 1957 (Figure 10H). Thin thallus with a well-developed plumose ventral core and a thin peripheral region, which thickens substantially surrounding conceptacles. Sporangial conceptacles, which are crowded in portions of the thallus, protrude on the thallus surface generating a wart-like structure. They are rectangular or dome-like in shape ranging from 190 μm to 250 μm in diameter and from 100 μm to 140 μm in height. This alga occurs attached to hard skeletons or as crusts isolated in the sediment. Johnson (1957) highlighted the crowding of the conceptacles as characteristic of the species.

Lithothamnion charollaisi Segonzac and Charollais 1974 shows similarities with L. crispithallus. Nonetheless, the description of the species is very limited precluding feasible comparisons. 

	Lithothamnion vaughani Howe 1919b (Figure 10E). In the protologue of this species, Howe (1919b) indicated “primary hypothallia somewhat reduced, …. rather irregularly arranged (i.e., not distinctly “coaxial”)” (Howe, 1919b; p. 6). Later, Lemoine (1928; see also Lemoine, 1939) transferred the species to the new genus Mesophyllum that she described: “Les espèces fossiles qui me paraissent faire partie du genre Mesophylllum sont: … M. vaughani Howe” (Lemoine, 1928; p. 253). This new genus attribution has been followed by later authors. Nonetheless, taking into consideration the clear reference to the plumose ventral core we keep the original genus attribution by Howe (1919b).

	Lithothamnion sp. 2 (Figure 10G). This species occurs as fruticose or encrusting plants with branches showing irregular internal zones. The most characteristic feature is that numerous multiporate sporangial conceptacles are grouped in the tips of branches or warts. They are mostly secondarily filled by adventitious cells. Thallus morphology, internal organization, conceptacle shapes and sizes, and their distribution allow comparing this species with Mesophyllum schenckii Howe, 1934, Lithothamnion wallisium Johnson and Tafur, 1952, later figured by Johnson and Stewart (1953), and Lithothamnion sp. Stockar (2000). It also shows certain resemblance with Mesophyllum galettoi Mastrorilli, 1967. Members of the genus Mesophyllum present a predominantly coaxial hypothallus. Nonetheless, in the protologue of M. schenckii and M. galettoi, both Howe (1934) and Mastrorilli (1967), respectively, indicate the presence of a plumose ventral core. The specimens we have studied show plumose ventral core, so, we assign them to Lithothamnion.

One specimen in sample SEW-1 shows a large triangular conceptacle with a long single pore in the roof. The pore canal protrudes above the thallus surface generating a wart-like protuberance. This alga shows the same growth morphology and thallus organization as that of Lithothamnion sp. 2, thus, we interpret it as a gametangial plant of the species.

	Undifferentiated Hapalidiales. Under this category, we include small unidentifiable fragments of encrusting thalli with well-developed plumose hypothallus and a thin perithallus, which thickens around sporangial multiporate conceptacles.



Order Corallinales (Figures 11D–M, 12)

	Geniculate sp. 1 (Figure 11E). It occurs as calcified disarticulated portions of intergenicula with cell fusions. One portion presents a uniporate conceptacle located in a terminal position of the intergeniculum (Figure 11E). Fragmentation precludes genus identification; however, preserved features remind those of Corallina prisca Johnson, 1957 from the late Eocene of Saipan (Mariana Islands).

	Geniculate sp. 2 (Figures 11F, G). Dispersed fragments of portions of calcified intergenicula with cell fusions. Two of these intergenicula preserve uniporate conceptacles in the terminal position that are surrounded by lateral branches. One of the specimens show a small conceptacle with a high pore canal (Figure 11F) and the other is bigger with a short pore canal (Figure 11G). The former is tentatively interpreted as a possible gametangial conceptacle of the same taxon.

	Geniculate sp. 3 (Figure 11H). A single thallus showing cell fusions and a big uniporate sporangial conceptacle derived from cortical cells in a lateral position of the intergeniculum.

	Distichoplax biserialis Dietrich 1927 (Figures 12B–D). This is a widely known species, although its attribution has been debated. In the study material, we have found laminar thalli of D. biserialis showing both conceptacle primordia and void uniporate sporangial conceptacles (Figure 12C), enabling the assignment of this species to the order Corallinales. Similar reproductive structures have been figured by Kiej (1963; 1964) and Dieni et al. (1979). Recently, Sarkar (2018) included this species within the subfamily Lithophylloideae, based on the absence of cell fusions, an interpretation also erroneously made by Aguirre et al. (2010). This species shows evident cell fusions, although they are sometimes nearly absent in some portions of the thallus (Figures 12C, D). Therefore, it cannot be considered a lithophylloid any longer (Rösler et al., 2017; Peña et al., 2020b). Athanasiadis (1995) already questioned the attribution of Distichoplax to Lithophylloideae and proposed its affinity with Mastophora or Lithoporella.

	Spongites sp. 1 (Figure 12G). This species is relatively frequent in the study material. It occurs as crusts or broken branches and is characterized by uniporate sporangial conceptacles that show slightly eccentric pore canals in the conceptacle roof. (Figure 12G). The eccentric pore canal is highlighted by Stockar (1997) while describing what he identified as Lithophyllum atrum Conti 1945. Nonetheless, Conti (1945) did not mention this feature in the original description of the species. Furthermore, sporangial conceptacles of L. atrum are much bigger than those found in the present study. Based on the vegetative anatomy and the reproductive structures, additional names that fit with our material are those originally described as Lithophyllum vicetinum Mastrorrilli, 1973 or Lithophyllum ligusticum Airoldi, 1932. Vannucci (1970) figured a specimen identified as Lithophyllum ligusticum showing a uniporate sporangial conceptacle with an eccentric pore canal. The reassessment of the Airoldi’s type material by Vannucci et al. (2008) led them to synonymize L. ligusticum and Lithophyllum perrandoi, Airoldi 1932 favoring the latter as the valid species name. Airoldi (1932) described a coaxial ventral core, the same thallus organization that can be observed in Figure (1A and Figure 4) of Vannucci et al. (2008). Nonetheless, these authors described the type material as having a plumose ventral core (their Figure 2).

	Spongites sp. 2 (Figure 12F). Fragment of a fruticose plant obliquely cut showing numerous cell fusions. At the tip of the branch, a uniporate conceptacle, 270 μm in diameter and 110 μm in height, is observed. The pore canal is partially visible.

	Spongites sp. 3 (Figure 12E). Thin encrusting monomerous plant with thin ventral core and peripheral region. The latter thickens around a protruding uniporate conceptacle 310 μm in diameter and 115 μm in height (Figure 12E). Conceptacle shape and size remember Lithophyllum bassanense Mastrorrilli, 1973.

	Undifferentiated Corallinales. Fragments of coralline algae that show cell fusions and uniporate sporangial conceptacles but that do not show enough features to assign them to any species.






Figure 10 | (A) Spermatangial conceptacle of Lithothamnion cf. corallioides (sample CPE-6). (B) Lithothamnion camarasae (sample CPE-6). (C) Lithothamnion concretum (sample SEW-1). (D) Lithothamnion cf. exhuberans (sample CPE-15). (E) Lithothamnion vaughanii (sample SEW-1). (F) Lithothamnion sp. 1 (sample CPE-7). (G) Lithothamnion sp. 2 (sample SEE-2). (H) Lithothamnion crispithallus (sample SEE-6).






Figure 11 | (A) Lithothamnion sp. 3 (sample CPE-15). (B) Lithothamnion sp. 4 (sample SEE-5i). (C) Lithothamnion sp. 5 (sample SEW-3ii). (D) Jania nummulitica (sample CPE-4i). (E) Geniculate sp. 1 (cf. Corallina prisca) (sample CPE-4). (F) Geniculate sp. 2 [sample (CPE-4ii)]. (G) Geniculate sp. 2 (sample SEE-5i). (H) Geniculate sp. 3 (sample SEE-6i). (I) Karpathia sphaerocellulosa (sample CPE-5iii). (J) Hydrolithon lemoineii (sample SEE-6i). (K) Lithoporella minus (sample SEW-1i). (L) L. minus showing a uniporate sporangial conceptacle partially preserved (sample CPE-8iii). (M) Lithoporella melobesioides (sample CPE-10iii).






Figure 12 | (A) Lithoporella melobesioides (sample SEW-3ii). (B) Laminar thalli of Distichoplax biserialis in a wackestone matrix (sample CPE-9). Arrows mark cell fusions. (C) D. dbiserialis showing a uniporate sporangial conceptacle (sample SEE-9). Arrow marks cell fusions. (D) Oblique section of a lamina of D. biserialis (sample CPE-9). Arrows mark cell fusions. (E) Spongites sp. 3 (sample CPN-3). (F) Spongites sp. 2 (sample CPN-5ii). (G) Spongites sp. 1 (sample CPE-7).
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We paired a survey of cryptofaunal abundance and rhodolith morphology with lipid, fatty acid, and stable isotope analyses to quantify nutritional patterns and trophic linkages of six dominant echinoderm, bivalve, gastropod, and polychaete species, two macroalgal species, seawater, and underlying sediment in a large (>500 m2) rhodolith (Lithothamnion glaciale) bed in southeastern Newfoundland (Canada). We found high densities of chitons (Tonicella marmorea and T. rubra) and daisy brittle star (Ophiopholis aculeata), and overall species composition, rhodolith morphology (shape and size), and total rhodolith biomass were consistent with other studies of the bed, indicating high temporal stability. Our lipid and fatty acid analyses revealed high levels of phospholipids and unsaturated fatty acids combined with low sterols in all animal species, suggesting adaptation for enhanced cell membrane fluidity in a cold-water environment. They also showed that most taxa sampled feed on a shared resource; diatoms, and that (non-kelp) macroalgal detritus are a key food source within rhodolith communities. Our stable isotope analysis uncovered three distinct trophic levels; producers, suspension/filter feeders and grazers, and predators, and unveiled potential resource partitioning between first- (H. arctica) and second- (O. aculeata and Tonicella spp.) order consumers, whereby differences in feeding strategies enable utilization of specific components of the same organic and inorganic material. The unprecedented analytical resolution enabled by the combined use of three trophic tracers indicate that bottom-up forcing (as a mechanism of trophic control) and benthic-pelagic coupling (as a pathway of nutrient and energy flow) operate simultaneously, at least seasonally, in subarctic rhodolith beds.




Keywords: Rhodolith, Food web, Trophic ecology, Fatty acid, Lipid classes, Stable isotope, Biomarker, Diatom



1 Introduction

Trophic ecology is the study of feeding relationships and energy transfers among organisms interacting in a community. In all ecosystems, energy is transferred through feeding from primary producers to primary and higher-order consumers. This transfer is often unclear in marine benthic ecosystems partly because of the broad diets of many species, a large detritus pool, and, sometimes, complex benthic-pelagic relationships, which can also vary seasonally (Kharlamenko et al., 2001; Pitt et al., 2009; Kelly and Scheibling, 2012). Trophic relationships can be studied with analysis of lipid classes, fatty acids (FA), and stable isotopes. Lipids are the densest form of energy (cal/g) in marine ecosystems, essential for structural integrity, storage, and signaling of molecules in cell membranes (Parrish et al., 2000; Parrish, 2009). Lipids and FAs can be used as biomarkers for food sources and nutrition because their composition can show input, cycling, and loss of material within food webs (Kelly and Scheibling, 2012). The intake, accumulation, and transferability of lipids and FAs make them an excellent tool to study trophic pathways (Richoux et al., 2005; Drazen et al., 2008b; Drazen et al., 2008a). Bulk stable isotope analysis is a useful approach to pair with FA analysis to help identify trophic relationships (Michener, 1994; Connelly et al., 2014), food and carbon sources (Carreón-Palau et al., 2013; Trueman et al., 2014), and food web structure (Grall et al., 2006; Linnebjerg et al., 2016).

Rhodoliths (free-living, non-geniculate red coralline algae growing as balls, branched twigs, or rosettes) often form dense aggregations, known as “rhodolith beds”, at depths of up to 150 m in tropical to polar seas (Foster, 2001; Foster et al., 2007). Rhodolith beds, along with seagrass meadows, kelp beds and forests, and mangrove forests, are one of the four major types of marine benthic primary producers (Foster, 2001; Foster et al., 2007). The relatively complex morphology of rhodoliths creates suitable habitats for attachment (Kamenos et al., 2004a; Steller and Cáceres-Martínez, 2009; Riosmena-Rodríguez and Medina-López, 2010), reproduction (Kamenos et al., 2004b; Steller and Cáceres-Martínez, 2009; Gagnon et al., 2012), and feeding (Steneck, 1986; Gagnon et al., 2012; Riosmena-Rodríguez et al., 2017) of highly diverse algal and faunal assemblages. The important contribution of rhodolith beds to marine biodiversity (Steller et al., 2003; Gagnon et al., 2012; Riosmena-Rodríguez et al., 2017) and global calcium carbonate (CaCO3) production (Amado-Filho et al., 2012; Harvey et al., 2017; Teed et al., 2020) has, in part, triggered the recent increase in studies of factors and processes regulating their structure and function (Marrack, 1999; Hinojosa-Arango et al., 2009; Millar and Gagnon, 2018) and growth resilience to natural and anthropogenic stressors (Bélanger and Gagnon, 2020; Bélanger and Gagnon, 2021; Arnold et al., 2021)

Knowledge about trophodynamics in rhodolith beds is limited to only a couple of studies in northeastern Atlantic (Grall et al., 2006) and eastern Pacific (Gabara, 2014) systems, that together suggest suspended particulate organic matter (SPOM), sediment organic matter (SOM), and macroalgae are important components of rhodolith bed food webs. Both studies’ findings are based on use of bulk stable isotope analysis, in particular consideration of organisms’ carbon (δ13C) and nitrogen (δ15N) isotopic signatures (DeNiro and Epstein, 1978; DeNiro and Epstein, 1981; Minagawa and Wada, 1984) to identify primary producers (Peterson and Fry, 1987; Post, 2002; Bouillon et al., 2011) and trophic levels of consumers (Iken et al., 2001; Post, 2002). As noted by Newell et al. (1995) and Kelly and Scheibling (2012), benthic food webs with significant macroalgal and bacterial components are often too complex to be characterized uniquely with stable isotope analysis. This is likely the case for rhodolith beds, in particular those in seasonal seas, where phytoplankton blooms and growth of microalgal and bacterial films on the surface of benthic organisms occur seasonally. In such cases, FA and stable isotope analyses can, in principle, simultaneously help distinguish algal and bacterial inputs (Sargent et al., 1987; Kharlamenko et al., 2001; Kelly and Scheibling, 2012).

The present study aims to resolve a part of the trophic ecology of a large (>500 m2), well-studied, cold-water rhodolith (Lithothamnion glaciale) bed in southeastern Newfoundland (eastern Canada). Specifically, we combine stable isotope, lipid, and FA analyses to: (1) identify lipid compositions of organisms to better understand functional strategies in relation to environmental characteristics; (2) delineate trophic linkages among organisms to understand the nutritional value of their diets and the extent of benthic-pelagic coupling versus strictly benthic interactions; and (3) document specific challenges and requirements for future lipid- and stable isotope-based studies of feeding relationships in rhodolith beds. In doing so, we test the overall hypotheses that: (1) the lipid composition of rhodolith epifauna generally reflects the predominantly cold-ocean conditions of Newfoundland; and (2) the rhodolith bed food web is mainly controlled from the bottom up by planktivores and detritivores as reflected by high abundance of planktonic and bacterial biomarkers.



2 Materials and Methods


2.1 Study Site and Selection of Focal Species

Our study was carried out during the spring of 2017 in a rhodolith (Lithothamnion glaciale) bed, which extends ~5 to 30 m in depth along the coast of St. Philip’s, southeastern Newfoundland, Canada. Consistent with our broader objective of characterizing spatial and temporal variability in rhodolith bed trophodynamics, we chose to study the section of the bed fringing Broad Cove (47° 35′ 36.5″ N, 52° 53′ 31.0″ W; Figure 1A) because of presumed differences in marine environmental conditions in this area. Broad Cove is connected to a marina, which is the end point of a river originating from several large ponds in the centre of the northern Avalon Peninsula. Volumes of freshwater entering Broad Cove vary seasonally and are generally lowest in summer, when precipitations (ECCC, 2019), and hence river discharge, decrease (P. Gagnon, personal observations). Our study focuses on the southernmost of two sites, i.e. the “South” site (Figure 1A), which represents a relatively stable environment for the rhodoliths because of low hydrodynamic forces and sedimentation, and nearly unchanged rhodolith size structure over the past few years, as documented in the present and other studies of the bed (Figure 1B; Gagnon et al., 2012; Millar and Gagnon, 2018). We include the “North” site (Figure 1A) in a follow up study of trophic variability (Hacker Teper, 2022) because of the presumably greater environmental variability at this site resulting from greater proximity to freshwater input from the marina. The present study, therefore, focuses on trophic interactions at one site based on a single point in time, and serves as a baseline for expansion of spatial and temporal dimensions in a follow-up study (Hacker Teper, 2022).




Figure 1 | (A) Location of the two study sites within the rhodolith (Lithothamnion glaciale) bed fringing St. Philip’s (southeastern Newfoundland) used to study rhodolith bed trophodynamics. The present study focuses on the food web at the “South” site in the spring of 2017. The “North” site is included in a follow up study (Hacker Teper, 2022) examining spatial and temporal variability in food web structure. Both sites are located at the periphery of Broad Cove, which receives seasonally variable volumes of freshwater from the adjacent marina and river to which it is connected (Image: Google Earth). (B) Section of the rhodolith bed at the South site at a depth of ~15 m. Rhodoliths are tightly aggregated, with very little to no epiphytes and a relatively high abundance of green sea urchins (S. droebachiensis) moving on the bed surface (the biggest urchins are ~6 cm in test diameter) (Image: Patrick Gagnon). (C) Staged photograph of rhodoliths (Lithothamnion glaciale) and associated macrofauna (visible: Ophiopholis aculeata, Strongylocentrotus droebachiensis, cryptic: Tonicella spp.) out of water from a laboratory bench at the Ocean Sciences Centre. (Image: Sean Hacker Teper).



Our food web analyses (described below) focused on the following six animal (1-6; Figures 1C, 2A−F), two macroalgal (7-8), and two environmental (9-10) components inside (1-6, 8, 10) or outside (7, 9) of the bed: (1) common sea star, Asterias rubens; (2) wrinkled rock-borer, Hiatella arctica [bivalve]; (3) juvenile Nereis spp. [polychaetes]; (4) daisy brittle star, Ophiopholis aculeata; (5) green sea urchin, Strongylocentrotus droebachiensis; (6) red molted chiton, Tonicella marmorea, and Atlantic red chiton, T. rubra, which were too difficult to distinguish morphologically, and hence were pooled to genus Tonicella spp.; (7) pieces of Laminaria digitata [kelp] from nearby kelp beds; (8) Lithothamnion glaciale [rhodoliths]; (9) seawater [containing seston] from a few meters above the rhodolith bed; and (10) sediment [containing infauna] underlying the rhodoliths. We chose these six animal species because they exhibit different dominant feeding strategies defined as per Macdonald et al. (2010), namely suspension/filter feeding (2, 4), grazing (5, 6), and predation (1, 3), but occur in sufficient abundance to quickly provide enough biological material for the analyses as per cryptofaunal diversity and abundance studies for this bed (Gagnon et al., 2012; Bélanger, 2020). Pieces of kelp (8), seawater from above the rhodolith bed (9), and sediment underlying the rhodolith bed (10) were sampled to explore possible benthic-pelagic coupling.




Figure 2 | The six animal species included in the present study’s food web analyses; (A) common sea star, Asterias rubens; (B) wrinkled rock-borer, Hiatella arctica [bivalve]; (C) Nereis spp. [polychaete]; (D) daisy brittle star, Ophiopholis aculeata; (E) green sea urchin, Strongylocentrotus droebachiensis and (F) Atlantic red chiton, Tonicella rubra (Images: (A, B, D, F) - Sean Hacker Teper; (C) https://www.enasco.com/p/Sandworm-Clam-Worm-Nereis%2C-Preserved%2BLS01292; (E) https://pugetsoundsealife.sseacenter.org/pugetsoundsealife.com/puget_sound_sea_life/Green_Sea_Urchin.html.





2.2 Timing of Sampling

To increase the likelihood of detecting benthic-pelagic coupling, we sampled the rhodolith bed during the annual spring phytoplankton bloom in southeastern Newfoundland, when diatom abundance in the water column was predictably highest (Budge and Parrish, 1998; Parrish et al., 2005). We collected fluorescence data at the study site with a CTD (conductivity, temperature, and depth) profiler equipped with PAR (photosynthetically active radiation) and fluorescence sensors to monitor the progression and confirm the occurrence of the bloom (Appendix A). The bloom began in the last few days of March 2017 and continued until at least 23 April, 2017 (Figure A.1A), when we sampled the rhodolith community and collected rhodoliths for food web analyses.



2.3 Rhodolith Community

To broadly characterize the rhodolith community at our collection/study site, scuba divers hand collected, on 23 April, 2017, all the rhodoliths from one 30 x 30 cm quadrat placed every 5 m along a 30-m long transect at a depth of ~15 m at the South site (for a total of seven quadrats sampled). We chose to sample this section of the bed because of the relatively homogenous distribution and high abundance of rhodoliths there (Gagnon et al., 2012; Millar and Gagnon, 2018); Figure 1B). Rhodoliths and their associated cryptofauna were deposited in labelled, sealable plastic bags, with several bags per quadrat. Bags were sealed under water, placed in mesh collection bags, and lifted to a boat where they were stored in plastic bins filled with seawater collected at the site. They were transported to the Ocean Sciences Centre (OSC) of Memorial University of Newfoundland (MUN) within 4 h of collection and placed in large (320-L) holding tanks supplied with running seawater pumped in from the adjacent Logy Bay.

Lengths of the longest, intermediate, and shortest axes, as well as gross weight of the 247 rhodoliths collected were measured with calipers (precision of 0.1 mm) and a balance (precision of 0.1 g; PB3002-S/FACT; Mettler Toldeo). Each rhodolith’s linear dimensions and number of rhodoliths in each of the seven quadrats were subsequently used to calculate each rhodolith’s sphericity (as per Graham and Midgley [2000] and Sneed and Folk [1958]) or to estimate rhodolith abundance (density) in the bed. We plotted rhodolith shape with the spreadsheet TRIPLOT (https://www.lboro.ac.uk/microsites/research/phys-geog/tri-plot/tri-plot_v1-4-2.xls) (Sneed and Folk, 1958; Graham and Midgley, 2000) as described by Gagnon et al. (2012). All cryptofauna on the external surface and inside of each rhodolith were extracted with tweezers and forceps, breaking rhodoliths in pieces with a screwdriver and a hammer to extract hidden specimens when needed. We placed organisms in labeled specimen cups filled with a 4% formalin solution prior to permanent changeover after three days into a 70% ethanol solution. Over the following few weeks, preserved cryptofauna were identified and counted with a stereomicroscope (DMW-143-N2GG; Motic) at 10 or 20X magnification and weighed with a balance (precision of 0.1 g; PB3002-S/FACT; Mettler Toldeo). Epiphytes and encrusting invertebrates such as bryozoans and sponges were present in trace amounts, and hence excluded from the analysis. For each quadrat, we subsequently subtracted total cryptofaunal weight from gross rhodolith weight to obtain net rhodolith weight, which we used to calculate rhodolith abundance (biomass) in the bed.



2.4 Collection and Preparation of Samples for Food Web Analyses

To limit influences of manipulation of rhodoliths and their cryptofaunal content on data quality, we used a different group of rhodoliths for food web analyses than those sampled to characterize the rhodolith bed community. On 23 April, 2017, divers hand collected ~150 live rhodoliths measuring 8 to 10 cm along the longest axis from the same area where we sampled the associated bed community. Broken rhodoliths and rhodoliths partially buried in sediment or with blackened or whitened tissue on their surface (indicative of stress or necrosis) were not collected because of potential influences on the abundance, diversity, and chemical composition of resident cryptofauna. Preliminary analysis indicated that common sea star and green sea urchin biomasses within the rhodoliths were too low to provide the minimum amount of tissues required to run the lipid and stable isotope analyses (see below). We resolved this requirement by collecting an additional ~10 small individuals (1-2 cm in diameter) from atop the bed for each species. The fronds of three, ~1 m long kelp (L. digitata) growing on rocks at a depth of ~2 m near the rhodolith bed were also hand collected. Rhodoliths and kelp fronds were placed in plastic bags sealed underwater. We collected seawater a few centimeters above the rhodolith bed with two, 12-L Niskin bottles that we deployed gently to prevent resuspension of sediment from the bed. Water from the bottles was transferred (on the boat) to plastic containers pre-rinsed with distilled water, from which a total of 17 L of seawater was subsequently taken to meet the requirements of the various analyses (see below). Three sediment samples were also scooped from the top (~10 cm) layer of muddy sediment underneath rhodoliths with 15-mL centrifuge tubes.

All rhodoliths and their cryptofaunal content, as well as kelp fronds, were transported to the OSC as described above (see section 2.3). At the OSC we transferred all the rhodoliths in their sealed plastic bags to large (320-L) holding tanks supplied with running seawater to keep water temperature in the bags naturally low (~0.5°C), while retaining all cryptofauna. Bags were kept sealed in the tanks for 24 h to (1) facilitate stomach emptying of focal species; (2) prevent hypoxia and degradation of biological tissues; and (3) avoid mixing water from St. Philip’s [in the bags] with water from Logy Bay [in the holding tanks]. This procedure reduced the likelihood of contaminating the original lipid class, FA, and isotopic signatures of the focal species. After this 24-h resting phase, we removed bags from the tanks and processed them one by one with pre-cleaned/sterilized tools and glassware manipulated with frequently changed nitrile gloves, again to avoid contamination of samples. Test tubes and scintillation vials were heated in an oven for 8 h at 425°C to remove lipid material, then labeled and weighed. Test tube caps and the tools used to break rhodoliths (hammer, screwdriver, mortar, and pestle) and extract and separate cryptofauna (tweezers, forceps, filters) were lipid-cleaned with three rinses each of methanol and chloroform to remove any residual lipids. We rinsed collection and storage items (sealable plastic bags and containers, centrifuge tubes) with distilled water.

We extracted the six focal animal species from the surface of rhodoliths with tweezers and forceps, breaking rhodoliths in pieces with a screwdriver and a hammer to extract cryptic specimens when needed. For lipid class and FA analyses, we obtained three replicates of 0.5 to 1.5 g of tissue each (wet weight) for each species from one or several individuals (i.e. pooling tissue as needed). We included whole individuals (i.e. shells, exoskeletons, and internal organs) in the wet weight of lipid class and FA analysis samples. Each replicate was placed in a 40-mL test tube (one replicate per tube) and stored on ice in a cooler until we had collected all replicates. Test tubes were then filled with 8 mL of chloroform, flushed under a gentle stream of nitrogen, capped, sealed with Teflon tape, stored in freezers at -20°C, and their content analyzed within two months. For stable isotope analysis, we collected ~5 g of tissue, excluding shells and exoskeletons, into one 20-mL scintillation vial for each species to be split into three replicates once dry (see section 2.7). Due to the randomness of availability of material of the small, pooled organisms and because lipid extraction may affect δ15N data (Post et al., 2007), we did not use the same organism material between lipid-extraction and stable isotope analysis (see section 2.9 for statistical implications). After oven drying for 24 h at 60°C, at least 1 to 1.5 mg of tissue remained for each replicate. Each scintillation vial was capped with tin foil and a cap, stored in freezers at -80°C, and their content analyzed within 12 months.

Upon arrival at the OSC, kelp fronds and sediment samples were immediately stored in their individual, sealed plastic bags (kelp) or centrifuge tubes (sediment) in freezers at -80°C. We used the same procedures as above to prepare rhodolith, kelp, and sediment samples for lipid class, FA, and stable isotope analyses, with the following modifications. Rhodoliths were first gently scrubbed by hand to remove epibionts, broken off with a screwdriver and a hammer, and ground into a powder with a mortar and a pestle. Rhodolith powder was analyzed; within two (lipid class and FA analyses) or 12 (stable isotopes) months. Kelp fronds (blades and stipes) were gently scrubbed by hand to remove epibionts. Each replicate of sediment for the lipid class and FA analyses weighed 6 to 8 g (wet weight). We also analyzed kelp and sediment samples within two (lipid class and FA analyses) or 12 (stable isotopes) months.

We processed seawater samples immediately upon arrival at the OSC. The two plastic containers holding the seawater were shaken to re-suspend any settled materials. We transferred this water and its content with 250- to 500-mL graduated cylinders to a mechanized filtration system, which suctioned water with an aspirator through a 47-mm diameter GF/C filter (Whatman; General Electric) at the bottom of a Büchner funnel. During suction, we washed the contents of graduated cylinders onto the filters with filtered seawater to transfer all lipid material. Visual inspection of the first filter indicated an acceptable accumulation of suspended materials upon completing the filtration of the first 3 L of seawater. Given the total volume of water available (~17 L), we created three replicates for the lipid class and FA analyses; one per each 3 L of filtered seawater. We also filtered the remaining water, 8 L, yielding three replicates for the stable isotope analysis; one per each 2.5 L of filtered seawater. Each filter used was rolled with tweezers and placed in a 40-mL test tube (one filter per tube) for the lipid class and FA analyses, or in a 20-mL scintillation vial (one filter per vial) for the stable isotope analysis. Test tubes were filled with 8 mL of chloroform, flushed under a gentle stream of nitrogen, capped, sealed with Teflon tape, stored in freezers at -20°C, and their content analyzed within two months. Vials were capped with tin foil and a cap, stored in freezers at -80°C, and their content analyzed within 12 months.



2.5 Extraction and Characterization of Lipid Classes

Extraction of lipids followed protocols by Folch et al. (1957) with modifications by Parrish (1999). We took samples in their test tubes out of the freezers and handled 8 to 16 at a time. Each tube was held in ice and contents were immediately ground to a pulp with a metal-ended rod washed into the tube with ~1 mL of chloroform:methanol (2:1) and 0.5 mL of chloroform-extracted water. We sonicated the tube for 4 min and centrifuged it for 3 min at 3000 rpm. The resulting organic layer at the bottom of the tube was completely removed and transferred to a 15-mL vial with a double pipetting technique to bypass the upper aqueous layer and transfer only the lower aqueous layer. After three repetitions, we washed both pipettes into the 15-mL vial with 3 mL of chloroform. All vials were flushed under a gentle stream of nitrogen, capped, sealed with Teflon tape, and stored in freezers at -20°C. We subsequently transferred each vial’s content to a 2-mL, lipid-clean vial with three or more rinses of 0.5 mL of chloroform, until the chloroform in the 15-mL tube remained transparent. Each 2-mL vial was flushed under a gentle stream of nitrogen, capped, sealed with Teflon tape, and stored in freezers at -20°C.

We used thin-layer chromatography with flame ionization detection (TLC-FID) to characterize lipid classes (Parrish, 1987). Separation of lipid classes followed a 3-step development method in which four solvent solutions of different polarities were used to obtain three chromatograms per rod (Parrish, 1987). In a first step, we created calibration curves (against which samples were compared) with a 9-component standard (nonadecane, hydrocarbon; cholesteryl palmitate, steryl ester; 3-hexdecanone, ketone; tripalmitin, triacylglycerol; palmitic acid, free fatty acid; cetyl alcohol, alcohol; cholesterol, sterol; monopalmitoyl glycerol, acetone mobile polar lipid; phosphatidylcoline dipalmitoyl, phospholipid; Sigma Chemicals). Prior to applying samples, silicic acid-coated quartz rods (Chromarods, Type SV; Iatron Laboratories Inc.) were blank scanned (the process of cleaning and activating rods by burning off any residual lipids from previous samples) three times in an Iatroscan TLC-FID system (Mark VI; Iatron Laboratories Inc.). We operated the Iatroscan with a hydrogen flow between 195 and 199 mL min-1 and an air flow of 2 L min-1 at a room temperature of ~20°C. After sample application (spotting) and before each development, the rods were dried and conditioned for 5 min in a constant humidity chamber (30%). We spotted samples individually onto one of 10 rods in each of 2 racks (for a total of 20 rods) with a 25-μL Hamilton syringe (Hamilton Co.). Depending on the lipid concentration of each sample (estimated by colour and confirmed by trial and error), we spotted 0.5 to 10 μL was spotted at the origin of each rod. Both racks were then dipped twice into a 100% acetone solution and were removed each time when acetone reached the spotted samples. We then double-developed rods in a hexane:diethyl ether:formic acid (98.95:1:0.05) solution, for 25 min, and then for another 20 min to separate hydrocarbons (HC), steryl esters (SE), and ethyl and methyl ketones (KET). We scanned each rod in the Iatroscan beyond the KET peak to obtain the first chromatogram showing lipid quantities of HC, SE, and KET in each sample.

In a second step, we developed rods for 40 min in a hexane:diethyl ether:formic acid (79:20:1) solution to separate diacyl glyceryl ethers, triacylglycerols (TAG), free fatty acids (FFA), alcohols (ALC), sterols (ST), and diacylglycerols (DG). We scanned each rod beyond the DG peak to obtain the second chromatogram showing lipid quantities of TAG, FFA, ALC, ST, and DG in each sample. In a third step, we double-developed rods twice, first in a 100% acetone solution for 15 min each, then in a chloroform:methanol:chloroform-extracted water (5:4:1) solution for 10 min each to separate the most polar lipid classes, acetone-mobile polar lipids (AMPL), and phospholipids (PL). Finally, each rod was completely scanned to obtain the third and final chromatogram showing lipid quantities of AMPL and PL.



2.6 Preparation and Characterization of Fatty Acid Methyl Esters (FAME)

We prepared fatty acid methyl esters (FAME) of lipids by transesterification of extracts following a modified procedure described by Christie (1982) and Hamilton (1992). We took extracted lipid samples in their 2-mL vials from the freezer and held them in ice. Depending on each sample’s lipid concentration (estimated by colour and confirmed by trial and error), we transferred 20 to 1000 µL of lipid extract with a 20 to 100 µL Drummond microdispenser (Drummond Scientific) into a lipid-clean, 15-mL vial. We evaporated the transferred extract to dryness under a stream of nitrogen gas, then we added 1.5 mL of dichloromethane and 3 mL of prepared Hilditch reagent (an alkylation derivatization reagent, 1.5 H2SO4: 98.5 MeOH). Each vial was vortexed, sonicated for 4 min, flushed with nitrogen, heated at 100°C for one hour, cooled to room temperature, filled with 0.5 mL of a supersaturated sodium bicarbonate solution and 1.5 mL of hexane, and agitated vigorously. This process created an organic layer containing fatty acids transesterified to fatty acid methyl esters (FAME), which we transferred with a pipette to a lipid-clean, 2-mL vial, and evaporated to dryness under a stream of nitrogen. Each 2-mL vial was then filled with ~0.5 mL of hexane, flushed with nitrogen, capped, sealed with Teflon tape, and stored in freezers at -20°C.

We used gas chromatography and flame ionization detection (GC-FID) to measure fatty acids (Ackman, 1986; Christie, 1989; Budge et al., 2006). FAME samples were analyzed in a HP 6890 GC equipped with an Agilent 7683 autosampler. The GC column was a 30-m long ZB wax+ (Phenomenex) with an internal diameter of 0.32 mm. We introduced each FAME sample individually into a heated injector at 150°C. A stream of hydrogen then carried the sample at a rate of 2 mL min-1 through the GC column, which retained FAME depending on structure. This selective retention resulted in the detection of individually eluted FAME by the FID. The GC column temperature started at 65°C for 30 s before it was increased to 195°C at a rate of 40°C min-1, held there for 15 min, then increased again to 220°C at a rate of 2°C min-1, and held there for 45 s. The initial injector temperature of 150°C increased to a final temperature of 250°C at a rate of 120°C min-1. The detector (FID) temperature remained constant at 260°C. We identified FA peaks by comparing retention times in the GC column with those from various standards: FAME mix (47885-U; Supelco), Bacterial acid methyl ester mix (47080-U; Supelco); PUFA 1 (47033; Supelco); and PUFA 3 (47085-U; Supelco). We integrated chromatogram peaks with Varian Galaxie Chromatography Data System V1.9.3.2 software.



2.7 Stable Isotope Preparation and Analysis

We removed samples in scintillation vials from the freezer and thawed and oven dried them at 60°C for 24 h. Each sample was split equally by weight into three new, 20-mL scintillation vials. Each triplicate was ground with a mortar and pestle and rinsed three times with acetone. We then split each ground sample into two equal parts: one for analysis of carbon content, the other for nitrogen. Vials with samples for nitrogen analysis were each rinsed three times with distilled water to remove salt because halides interfere with the Elemental Analyzer (described below). We acidified samples for carbon analysis to remove inorganic carbon by adding drops of 1 M HCl to the vials until no bubbles formed. Vials were left with lids off in a fume hood overnight, rinsed three times with distilled water to remove both HCl and halides, dried again at 60°C for 24 h, transferred to desiccators, and subsequently taken to The Earth Resources Research and Analysis (TERRA) facility at MUN for analysis. We used tools and tin capsules pre-cleaned with acetone to extract, weigh, and hold the following quantities of solidified samples from each vial: 1 to 1.5 mg for animals; 4 to 4.5 mg for rhodolith and kelp; 14 to 15 mg for sediment; 5 to 7 mg of filter for seawater δ13C and carbon content; and 8 to 10 mg of filter for seawater δ15N and nitrogen content. We held tin capsules and their content in a desiccator and processed them within a month as per the following procedure.

We analyzed bulk stable isotopes and complementary C and N elemental proportions (%) in an Elemental Analyzer (EA) system (NA1500; Carlo-Erba) consisting of an autosampler, an oxidation reactor (oven), a reduction reactor, a water trap, a gas chromatography (GC) column, and a thermal conductivity meter (TCD). The entire EA was flushed continuously with helium at a rate of 90 to 110 mL min-1. We dropped each tin capsule and its content individually onto the oxidation reactor at a temperature of 1050°C, with simultaneous injection of oxygen and quick flushing with He. This sequence triggered a flash combustion at 1800°C between the tin capsule and oxygen, creating combustion gases that were pushed through an oxidation catalyst (chromium trioxide, CrO3) to ensure complete oxidation of the sample and silvered cobaltous/cobaltic oxide, which removes halides and SO2. The resulting gas mixture passed through the reduction reactor (reduced copper) at 650°C, which reduces nitrogen oxides to nitrogen gas and absorbs oxygen. The gases then passed through a magnesium perchlorate Mg(ClO4)2 water trap, after which the remaining gases (N2, CO2) entered a 3-m GC column (QS 50/80; Poropak) at 40 to 100°C. The individual gases were on the GC column. Upon reaching the TCD, they were detected as separate gas peaks; first N2, then CO2. From the TCD, He carried the gases to a ConFloIII interface (Finnigan, Thermo Electron Corporation), which has split tubes, open to the atmosphere, which allow a portion of the He and combustion gases to enter directly into the ion source of the mass spectrometer (MS) (DeltaVPlus; Thermo Scientific). During operation, He from the EA flowed continuously into the MS. Internal and external reference material was used to calibrate MS data. We used EDTA #2 and D-Fructose for carbon isotope calibration, and IAEA-N-1 ((NH4)2SO4) and IAEA-N-2 ((NH4)2SO4) for nitrogen isotope calibration. We used NBS-18 (CaCO3), B2150 (high organic sediment), B2151 (high organic sediment), and B2105 (Cystine) to aid data interpretation of carbon isotope analyses, and sorghum flour, B2153 (low organic soil), USGS-25 ((NH4)2SO4), USGS-26 ((NH4)2SO4), sulfanilamide, and BBOT to aid data interpretation of nitrogen isotope analyses. L-glutamic acid and B2155 (protein) were used for both carbon and nitrogen elemental calibration.



2.8 Trophic Magnification of Fatty Acids

Stable isotope ratios are expressed in the conventional (δ) notation as parts per thousand (‰) as per the equation of Minagawa and Wada (1984):

	

where Rsample and Rstandard are the ratios of 13C/12C or 15N/14N of a given sample and corresponding standard, respectively. Results are reported relative to atmospheric N2 for nitrogen stable isotopes, and Vienna PeeDee Belemnite (VPDB) for carbon stable isotopes. Species trophic position (TPconsumer) was calculated with the equation used by Gale et al. (2013), and developed originally by Cabana and Rasmussen (1996):

	

where δ15Nconsumer is the mean stable N isotope ratio of each species, and Δ15N is the fractionation factor which, to be consistent with rhodolith food web studies, is 3.4‰ (Grall et al., 2006). δ15Nbase and TPbase represent the nitrogen stable isotope composition and trophic positions from the base of the food web, respectively. We then calculated a trophic magnification factor (TMF) for fatty acids (FA) correlated with δ15N. This factor quantitatively represents the biomagnification of compounds along a food web (Borgå et al., 2012; Connelly et al., 2014). Compound concentrations often change across trophic levels, thus the equation:

	

or

	

and, therefore,

	

where m and b are the slope and intercept of the linear relationship (which strength was determined with conventional Spearman Rank-Order correlation tests) between loge FA% and trophic position (TP), respectively. Positive values of m and TMF imply biomagnification throughout the food web, whereas negative values denote proportional depletion. To this extent, we did not use TMF as a tool to see changing concentrations of FAs through direct predator-prey relationships among organisms. Instead, we used TMF as a method to assess biomagnification and depletion of FAs by comparing FAs to one another and to help confirm the presence of key identified biomarkers throughout the food web (Connelly et al., 2014).



2.9 Statistical Analysis


2.9.1 Lipid Classes

We used a one-way permutational MANOVA (PERMANOVA) (Euclidean distance matrices with 9999 permutations) with the factor Component (nine of the 10 components of the food web studied [six animal species, kelp, sediment, and seawater]) to examine differences in proportions of lipid classes among samples (N=25, accounting for accidental loss of two samples during the analyses). We excluded the rhodolith component because of insufficient rhodolith tissue for lipid extraction. To limit extraneous data variability while focusing on the most significant lipid classes, our analysis included only lipid classes present in over 50% of the samples. Sample sizes for each food web component (N=2 or 3) was too low to examine differences among specific components. Consequently, for comparison purposes only, we pooled the data into the five following functional groups reflecting the three dominant feeding strategies of the six animal species, one macroalgal species, and two environmental components: (1) suspension/filter feeders [two species]; (2) grazers [two species]; (3) predators [two species]; (4) kelp; and (5) seawater/sediment [samples combined because of expected benthic-pelagic coupling and to achieve a sufficient sample size for statistical analysis] (see section 2.1 for details). We then ran a one-way PERMANOVA with the factor Functional Group (the five groups explained above). This approach yielded statistically reliable comparisons, except with kelp, for which sample size was too low and could not be pooled with any of the four other groups because of its unique nature. We therefore do not present comparisons with kelp. We examined relationships between total lipid and each of the major lipid classes with conventional Spearman Rank-Order Correlation tests (Zar, 1999).



2.9.2 Fatty Acids

To examine differences in the proportions of FAs among samples (N=25), we used the same statistical approach (two one-way PERMANOVAs; one with Component as factor followed by one with Functional Group as factor) with the same data exclusion and grouping as for the lipid classes analysis. We then used a one-way SIMPER analysis (run on untransformed data with a Bray-Curtis similarity matrix) with the factor Component (nine of the 10 components of the food web studied [six animal species, kelp, sediment, and seawater], to identify potential food sources and the main FAs contributing to the lipid composition of each component (Kelly and Scheibling, 2012; Gabara, 2014). To limit extraneous data variability while focusing on the most significant FAs, we included only FAs contributing to over 70% of the similarities in the SIMPER analysis. We used a follow-up principal coordinates analysis (PCO; also run on untransformed data with a Bray-Curtis similarity matrix) with the factor Component (same as above), mainly for visualization of the feeding relationships among specific groups of organisms (Guest et al., 2008; Drazen et al., 2009). To increase clarity on the PCO, we plotted only samples with a Pearson coefficient of correlation >65% (plus DHA; 22:6ω3, because of its importance as an essential FA).



2.9.3 Stable Isotopes

We examined differences in carbon (δ13C) and nitrogen (δ15N) isotope ratios with two one-way PERMANOVAs (one for each type of ratio; both types based on Euclidean distance matrices with 9999 permutations) with Component as factor. The δ13C isotope ratio analysis (N=27, accounting for accidental loss of three samples during the analyses) included all taxa (six animal species, kelp, and rhodoliths) and both environmental components (seawater and sediment). We included both environmental components and all except one taxon (Nereis spp., for which we lacked sufficient amounts of tissues for quantification of stable isotope ratios) in the δ15N isotope ratio analysis (N=26, accounting for accidental loss of one sample during the analyses). Due to our using separate samples for lipid-extract and stable isotope analyses, we used the averages of stable isotope results of individual components to make comparisons to lipid and FA data. To group and map, in the form of a dendrogram, statistically different components of the food web, we also carried out a cluster analysis using “Group Average” clustering on δ13C and δ15N isotope ratios simultaneously, and complementary SIMPROF test (Euclidian distance matrix with 9999 permutations) (N=23 because of a few unmatched pairs of δ13C and δ15N ratios) (Grall et al., 2006; Gabara, 2014). Four main isotopic groups emerged from the SIMPROF test. We therefore ran follow-up one-way PERMANOVAs (one with both isotopic ratios combined, followed by one for each type of isotopic ratio) and complementary one-way ANOVAs and post-hoc tests with the factor Group to identify differences among these four main trophic groups.



2.9.4 General Aspects of Statistical Tests

In all PERMANOVAs, data were untransformed and computed on Bray-Curtis similarity or Euclidian distance matrices (9999 permutations) to meet the assumptions of multivariate normal (Gaussian) distribution and homogeneity of the covariance matrices (Budge et al., 2006; Clarke et al., 2006; Hair et al., 2006). All FA multivariate data were computed using Bray-Curtis similarity matrices, while lipid and stable isotope multivariate data were computed using Euclidean distance matrices due to its better ability to handle missing data. Contrary to the recommendation from Kelly and Scheibling (2012), we used untransformed data because the dispersion of variance was equivalent to transformed data and it avoided artificial weighting of FAs with smaller proportions on our results compared to transformed data (Carreón-Palau et al., 2017). We used PERMDISP (9999 permutations) to inform our decision (p=0.391); we tested for homogeneity of multivariate variances and confirmed all variances were homogenous. We used PCO (principal coordinates analysis) instead of PCA (principal components analysis) to more efficiently account for missing data (Rohlf, 1972). In all ANOVAs, we verified homogeneity of variance and normality of residuals by examining the distribution of the residuals and the normal probability plot of the residuals, respectively (Snedecor and Cochran, 1994). We used a significance level of 0.05 in all analyses and report all means with standard deviation (mean ± SD) unless stated otherwise. We used standard error where applicable for consistency with corresponding literature (Gagnon et al., 2012; Connelly et al., 2014; Parzanini et al., 2018). We used PRIMER v7 with PERMANOVA+ for multivariate statistical analyses, Minitab 18 for univariate statistical analyses, and Microsoft Excel for descriptive statistics.





3 Results


3.1 Rhodolith Community

Rhodolith biomass at the study site averaged 19.5 ± 0.9 (SE) kg m-2. The 247 rhodoliths sampled varied in size from 11.3 to 65.6 mm, and 24.0 to 116.2 mm along the shortest and longest axes, respectively. Those rhodoliths were predominantly spheroidal and compact (~61%), but otherwise platy (~12%), bladed (~19%), or elongate (~8%) Figures 3A, B). Total cryptofaunal biomass averaged 34.5 ± 4.3 g kg-1 rhodoliths. The 1191 animals extracted from the rhodoliths belonged to at least 21 species under six phyla, with echinoderms (452.7 ± 47.0 individuals kg-1 rhodoliths) and molluscs (427.6 ± 39.6 individuals kg-1 rhodoliths) as the two numerically dominant groups (Table 1). Species included in the biochemical analyses were particularly abundant, including Ophiopholis aculeata (336.7 ± 30.8 individuals kg-1 rhodoliths), Tonicella spp. (191.6 ± 27.2 individuals kg-1 rhodoliths) and Hiatella arctica (152.8 ± 23.2 individuals kg-1 rhodoliths). A few species not included in the analyses were also relatively abundant, including the brittle star, Ophiura robusta (72.7 ± 13.8 individuals kg-1 rhodoliths), the caridean shrimp, Pandalus borealis (36.9 ± 7.5 individuals kg-1 rhodoliths), and the polychaete, Potamilla reniformis (30.0 ± 10.3 individuals kg-1 rhodoliths).




Figure 3 | (A) Ternary diagram of rhodolith [Lithothamnion glaciale] shape relative to purely spheroidal, discoidal, and ellipsoidal rhodoliths [N=247; one solid circle per rhodolith]. Rhodoliths were collected in April 2017 at the South site (see Figure 1A). The position of each rhodolith in the diagram is determined by its sphericity, calculated from the length of its longest [L], intermediate [I], and shortest [S] axes. (B) Corresponding proportion of rhodoliths under each of 10 finer shape categories as defined by Sneed and Folk (1958).




Table 1 | Taxonomical breakdown and abundance of invertebrate cryptofauna associated with rhodoliths (Lithothamnion glaciale) collected in April 2017 at the South site (see Figure 1A).





3.2 Total Lipid Content and Lipid Classes

Of the nine food web components included in the lipid analysis, the three echinoderm species exhibited the highest concentrations of total lipids, ranging from 8.5 ± 2.2 mg g-1 (ww) in A. rubens, to 13.2 ± 3.7 mg g-1 in O. aculeata (Table 2). The molluscs H. arctica and Tonicella spp. had, respectively, similarly high and slightly lower concentrations of total lipids, with 6.7 ± 1.6 mg g-1 in Tonicella spp. (Table 2). The polychaete Nereis spp. exhibited the lowest concentration among animals, with 6.0 ± 1.9 mg g-1. Kelp (L. digitata), seston (from seawater samples), and sediment had significantly lower total lipid concentrations than O. aculeata (Tukey HSD, p<0.01 in all cases) (Table 2). The nine food web components contained nine lipid classes (PL, TAG, FFA, ST, AMPL, HC, SE, KET, and ALC), with six (PL, TAG, FFA, ST, AMPL, and HC) present in >50% of all samples (Table 2). PL was the dominant lipid class in every component, with a proportional contribution to total lipid concentration of 48% in O. aculeata to 76% in A. rubens (Table 2). Animal species contained the highest proportion of TAG, ST, and AMPL, with 34% in H. arctica, 19% in Nereis spp., and 16% in S. droebachiensis, respectively. FFA was highest (31%) in seston, lowest (2%) in A. rubens, and not detected (0%) in S. droebachiensis (Table 2). Kelp and seston contained no measurable TAG. Seston lipids were largely PL (50%), FFA (31%), ST (11%), and AMPL (12%). Sediment was dominated by PL (53%), followed by TAG (16%) and AMPL (13%). All components contained PL, ST, and AMPL. Overall, lipid class composition differed significantly among the nine food web components (PERMANOVA; Pseudo-F8,24 = 5.732, P (perm)=0.0003) and five functional groups (suspension/filter feeder, grazer, predator, kelp, and seawater/sediment) studied (PERMANOVA; Pseudo-F4,24= 3.504, P (perm)=0.0059). Specifically, lipid class composition differed between grazers and predators (t=2.485, p=0.018), and between suspension/filter feeders and predators (t=4.450, p=0.003). Total lipid concentration correlated with ST proportion only (r=-0.469, p=0.018, N=25).


Table 2 | Sample size (N), mean wet weight, mean total lipid, and mean proportion (%) of the six dominant lipid classes (PL, phospholipid; TAG, triacylglycerol; FFA, free fatty acid; ST, sterol; AMPL, acetone mobile polar lipid; and HC, hydrocarbon) in the six animal species (common sea star, Asterias rubens; wrinkled rock-borer, Hiatella arctica [bivalve]; Nereis spp. [polychaetes]; daisy brittle star, Ophiopholis aculeata; green sea urchin, Strongylocentrotus droebachiensis; and chitons, Tonicella spp.), two macroalgal species (Laminaria digitata [kelp] and Lithothamnion glaciale [rhodoliths]), and two environmental components (seawater and sediment) sampled inside (I) or outside (O) of the South site (see Figure 1A).





3.3 Fatty Acid Profiles

The nine food web components included in the FA analysis contained 63 FA, with 43 present in >50% of all samples. Each component exhibited a distinct set of dominant FAs and biomarkers (Table S.1 and Figure 4). With a proportional contribution to FA profiles ranging from 19% in H. arctica to 32% in A. rubens, EPA (eicosapentaenoic acid, 20:5ω3; a typical diatom biomarker) was the dominant FA within each of the six animal species sampled (Table S.1). ARA (arachidonic acid, 20:4ω6; a kelp and amphipod biomarker), palmitoleic acid (16:1ω7; a diatom biomarker), and palmitic acid (16:0; a flagellate, bacteria, and marine vegetation biomarker) were the next most prominent FA among the animals, with a contribution between 11% and 20% (Table S.1). Kelp contained mainly palmitic acid (18%), eicosatetraenoic acid (20:4ω3; 14%) and oleic acid (18:1ω9, 13%; a crustacean, detritus, dinoflagellate, and brown seaweed biomarker). Seston FA were largely oleic acid (33%), palmitic acid (22%), and stearic acid (18:0, 18%; a detritus biomarker). Sediment was dominated by palmitoleic acid (21%), palmitic acid (15%), and vaccenic acid (18:1ω7, 9%; an aerobic microorganism, bacteria, and vegetation biomarker) (Table S.1). Overall, FA composition differed significantly among the nine food web components (PERMANOVA, Pseudo-F8,24 = 26.278, P (perm)<0.001) and five functional groups studied (PERMANOVA, Pseudo-F4,24 = 7.6664, P (perm)=0.001), except kelp whose composition was similar to that of any of the four other functional groups.




Figure 4 | (A) PCO plot (based on Bray-Curtis similarity matrices) of the 12 fatty acids exhibiting at least 70% correlation in the six animal species, two macroalgal species, and two environmental components (see Table 1 for species list) sampled inside or outside of the South site (see Figure 1A). (B) Typical fatty-acid trophic biomarkers for those fatty acids included in the analysis (adapted from Parrish (2013) and Legeżyńska et al. (2014).



Of the three essential FAs (EPA, DHA [docosahexaenoic acid], and ARA), EPA was the most prevalent, present in all food web components except kelp and particularly abundant among the six animal species (Table S.1). ARA was in all components except seston, peaking in A. rubens (20%) and S. droebachiensis (15%) (Table S.1). Together, EPA and ARA contributed to 46% and 62% of the similarities in S. droebachiensis and A. rubens diets, respectively (Table B.1). DHA was present in all components except kelp, and was nevertheless less abundant than EPA and ARA, peaking at 9% in H. arctica (Table S.1).Animal and kelp FA profiles were generally dominated by polyunsaturated FA (PUFA), which ranged from 44% in Tonicella spp. to 65% in S. droebachiensis, and to a lesser extent by monounsaturated FA (MUFA), which varied from 17% in L. digitata and S. droebachiensis to 30% in Tonicella spp. (Table 3).

Animals and kelp contained lower levels of saturated FA (SFA), with lowest and highest proportions in respectively A. rubens (11%) and O. aculeata (27%) (Table 3). Conversely, seston and sediment contained more MUFA (37.9% and 42.5%, respectively) than PUFA (20.2% and 25.9%, respectively) (Table 3). SFA levels were higher in seston (41.6%) than sediment (24.2%) (Table 3). Animals exhibited the highest ratio of polyunsaturated to unsaturated FA (P/S; 3%), followed by kelp (2%), and seston and sediment (1%) (Table 3). All components, except for seawater, had a higher proportion of ω3 (omega-3) FAs than ω6 (omega-6). Animals and kelp contained about 3 times as many ω3 FAs (37.1% and 29.7%, respectively) than ω6 (11.9% and 10.5%, respectively) and sediment about twice as many ω3 FAs (13.0%) than ω6 (6.5%), while seston contained about half as many ω3 FAs (2.6%) than ω6 (5.3%) (Table 3). The DHA/EPA ratio was highest in seston (0.9), intermediate in sediment, A. rubens, H. arctica, and S. droebachiensis (0.1 to 0.5), low in Nereis spp., O. aculeata, and Tonicella spp. (0.02 to 0.03), and null (0) in kelp (Table 3).


Table 3 | Sample size (N), mean proportional sum (Σ) of saturated (SFA), monounsaturated (MUFA), polyunsaturated (PUFA), ω3 (omega-3), and ω6 (omega-6) fatty acids, and mean ratios of polyunsaturated:saturated (P/S) and DHA EPA (DHA/EPA), in the six animal species, two macroalgal species, and two environmental components (see Table 1 for species list) sampled inside (I) or outside (O) of the South site (see Figure 1A). 






3.4 Stable Isotopes and Trophic Magnification

Stable carbon isotope ratio (δ13C) differed significantly among the ten food web components included in the carbon isotope analysis (PERMANOVA, Pseudo-F9,26 = 40.241, P (perm)<0.001), ranging from most depleted in seawater (-26.6‰) to least depleted in L. glaciale and A. rubens (-18.9‰) (Table 4). The δ15N values, which were lowest in L. digitata (3.4‰) and highest in A. rubens (11.0‰) (Table 4), also differed significantly among the nine food web components included (i.e. all components except Nereis spp.; PERMANOVA, Pseudo-F8,25 = 130.64, P (perm)<0.001), indicating distinct trophic levels (see below). Hierarchical clustering analysis of δ13C and δ15N separated the latter nine components in four distinct groups (PERMANOVA, Psuedo-F3,22 = 53.25, P (perm)<0.001; Figures 5 and S.1). Two of these groups each contained all samples of a single food web component, namely seston and L. digitata (kelp), hereafter termed respectively Group 1 and Group 4 (Figure 5). Group 3 contained three subgroups, each also containing all samples of a single food web component: sediment (Group 3a), L. glaciale (rhodolith, Group 3b), and H. arctica (Group 3c) (Figure 5). Group 2 had four subgroups, of which two were monospecific: A. rubens (Group 2a) and O. aculeata (Group 2d), and two each contained two species; A. rubens and Tonicella spp. (Group 2b) and S. droebachiensis and Tonicella spp. (Group 2c) (Figure 5). Group 1 (seston) had a significantly lower δ13C than all other groups (Tukey HSD, p<0.001), yet its δ15N was similar to that of Group 3 (infauna, L. glaciale, H. arctica) (Tukey HSD, p=0.779) (Figure 5). Group 2 (A. rubens, O. aculeata, Tonicella spp., and S. droebachiensis) had a significantly higher δ15N than Group 1, Group 3, and Group 4 (L. digitata) (Tukey HSD, p<0.001). Group 2’s δ13C was also significantly more enriched than that of Group 1 (Tukey HSD, p<0.001) and Group 3 (Tukey HSD, p=0.021), but not Group 4 (Tukey HSD, p<0.062). Group 4 had a significantly lower δ15N than all other groups (Tukey HSD, p<0.001) (Figure 5).


Table 4 | Sample size (N), bulk stable isotope ratio (δ13C and δ15N; ‰), and relative trophic position (TP) in the six animal species, two macroalgal species, and two environmental components (see Table 1 for species list) sampled inside (I) or outside (O) of the South site (see Figure 1A).






Figure 5 | Biplot of bulk carbon (δ13C) and nitrogen (δ15N) stable isotope ratios of five animal species, two macroalgal species, and two environmental components (see Table 1 for species list) sampled inside or outside of the South site (see Figure 1A). Nereis spp. was not included because of insufficient tissues for quantification in the N analysis. Components grouped (circled) based on agglomerative hierarchical cluster analysis (see Figure S.1).



At our assumed Δ15N fractionation factor of 3.4‰ (see section 2.8), the 10 food web components encompassed over three trophic positions (TP), with kelp (TP=1) and A. rubens (TP=3.2) at the base and top of the web, respectively (Table 4). Seston, sediment, rhodoliths (L. glaciale), and H. arctica occupied intermediate positions ranging from 1.8 to 2.1, whereas the three remaining animal species sampled had similarly high positions of 2.6 to 2.9 (Table 4). Thirty-seven (37) FAs correlated significantly with δ15N. Of those FAs, four (16:4ω3, 20:1ω11, 20:4ω6 [ARA], and 20:5ω3 [EPA]) exhibited a TMF > 1, and hence were biomagnified through trophic levels, whereas 33 had a TMF < 1, indicating biodilution (Table 5).


Table 5 | Trophic multiplication factor (TMF) of 37 fatty acids (FA) as calculated from the slope (m) of corresponding linear relationship between FA concentration and bulk nitrogen (δ15N) stable isotope ratio (see section 2.8).






4 Discussion

Our study of the trophodynamics of a Newfoundland rhodolith bed is the first attempt to characterize nutritional patterns and trophic linkages of a rhodolith bed community with combined use of lipid, FA, and stable isotope analyses. Isotope-based rhodolith studies in the Northeast Atlantic (Grall et al., 2006) and California (Gabara, 2014) suggest macroalgae-based detritus are a key food source within rhodolith communities. Our comprehensive approach supported these findings, while showing that kelp may not be a significant food source among the 10 rhodolith bed components we considered. We identified three distinct trophic levels - producers, suspension/filter feeders and grazers, and predators - and discovered a potentially specific link between a macroalga-based diet and carbon source in mollusks and ophiuroids.


4.1 Rhodolith Community

Rhodolith communities vary globally in terms of numerically dominant cryptofauna, with gastropods dominating in the Maltese Islands (Sciberras et al., 2009), crustaceans in Santa Catalina Island (Gabara, 2014) and Ireland (de Grave and Whitaker, 1999), echinoderms and annelids in the Gulf of California (Foster et al., 2007), and polychaetes in South Australia (Harvey and Bird, 2008). In Newfoundland, chitons (Tonicella marmorea and T. rubra) and daisy brittle star (Ophiopholis aculeata) are the most common rhodolith epifauna (present study, Gagnon et al., 2012; Bélanger, 2020). The preponderance of chitons and daisy brittle stars at our study site, as well as overall species composition, aligned with the first detailed rhodolith bed biodiversity report from Newfoundland and Labrador (Gagnon et al., 2012). The consistency of chiton and brittle star abundances in conjunction with similar overall species composition in Newfoundland after over eight years, suggest high community stability within this bed. This notion is also supported by highly similar rhodolith morphological traits (shape and size) and biomass (19.5 kg m-2) between both studies (present study, Gagnon et al., 2012). In the present study, most observed rhodolith cryptofauna was juvenile-sized, supporting the view that rhodolith beds are nursery grounds for a number of marine invertebrates (Foster, 2001; Kamenos et al., 2004b; Steller and Cáceres-Martínez, 2009; Gagnon et al., 2012).



4.2 Lipid Content and Classes

Lipid structure can vary based on environmental conditions, food availability, metabolism, and reproductive strategies (Fraser, 1989; Lloret and Planes, 2003; Parzanini et al., 2018). Low temperatures affect organisms by inducing changes in cell membrane fluidity, structure, and function (Crockett, 1998; Parrish, 2013; Colombo et al., 2017). To accommodate cold temperatures, cold-water ectotherms exhibit homeoviscious adaptation, a process of reducing sterol molecules and lengthening and unsaturating phospholipids (Hazel et al., 1991) to change lipid structure (Hall et al., 2000; Copeman and Parrish, 2003; Parrish, 2009). In the present study, we showed that the lipid structure of all samples varied by component, with overall high proportions of phospholipids (45 – 76%) and unsaturated FAs (58 – 87%), low proportions of sterols (6 – 19%), and a correlation between total lipids and sterol proportions. These findings strongly suggest increased cell membrane fluidity, while supporting our hypothesis that the lipid composition of our study organisms generally reflects the predominantly cold-ocean conditions of Newfoundland (0.3°C in April in the present study).

Triacylglycerols are a key component of lipid structure and the primary energy storage molecules. They are important to organisms during stressful periods such as limited food availability or reproduction. High variability of TAG content among organisms can result from differences in allocation strategies (i.e. reproduction, growth, or survival) (Fraser, 1989; Lee et al., 2006; Parzanini et al., 2018). As such, elevated TAG levels in H. arctica (Lebour, 1938), Tonicella spp., and O. aculeata  (Himmelman et al., 2008) likely correspond to an abundance of food (i.e. phytoplankton) or reproductive timing; organisms increase and maintain their energy storage as they prepare for the reproductive season (Vanderploeg et al., 1992). Given the timing of our study (during the April phytoplankton bloom), high levels of TAG in H. arctica (34%), Tonicella spp. (29%), and O. aculeata (25%) likely demonstrate this energy storage trend and potential benthic-pelagic coupling, utilizing phytoplankton from the water column in the benthos as it becomes seasonally available (Iken et al., 2001; Hacker Teper, 2022). However, low TAG levels and high PL and ST levels of predatory/omnivorous A. rubens (2%, 76%, 10%, respectively), Nereis spp. (4%, 63%, and 19%), and S. droebachiensis (6%, 61%, and 15%) probably link to organisms in search of food for rapid growth during harsh winter conditions (Luis and Passos, 1995; Lee Jr et al., 2006). Over prolonged periods, low TAG levels could indicate stress (Fraser, 1989).

While seemingly low, lipid content levels of animal samples (~1% g g-1 wet weight) were similar to those in other studies (Allen, 1968; Parzanini, 2018). In comparison to the animals, seston samples were mainly comprised of PL (50%) and FFA (31%), with no evidence of TAG (0%). This finding challenges previous reports of Newfoundland seston rich in AMPL and low in FFA (Parrish et al., 1995). Although rare, high levels of FFA could reflect degradation of lipids as a result of sewage runoff from St. Philip’s township (Parrish et al., 1992; Galois et al., 1996). Despite the unusual lipid profiles of our seston lipids, total lipid levels (~57 µg L-1) were comparable to samples collected from a nearby Newfoundland site in 1991 (Parrish et al., 1995), likely evidence of the annual phytoplankton bloom with fresh, lipid rich diatoms (Budge and Parrish, 1998; Kiriakoulakis et al., 2005; Parrish et al., 2005). A sample volume greater than the 3 L of seawater filtered likely would have helped lipid class analyses. We therefore recommend filtering at least 10 L of seawater for future studies. Total lipid content of L. digitata samples (~1.3 mg g-1 wet weight) were markedly lower than the wide range conveyed in the literature (~11 – 60 mg g-1) (Raven et al., 2002; Schaal et al., 2010). A small portion of this difference could be because of the different techniques employed; gravimetric assays are typically 10 to 15% higher than Iatroscan-derived lipids (Parrish, 2013). Such low lipid contents could also reflect chemical changes of L. digitata in response to sea-ice induced environmental changes. However, brown seaweeds in subarctic cold waters have significantly more total lipid than those in tropical warm waters (Terasaki et al., 2009; Nomura et al., 2013), and brown seaweeds increase their total lipids in winter and under low light conditions (Honya et al., 1994; Nelson et al., 2002; Nomura et al., 2013). This pattern suggests our noted low total lipid content in L. digitata could indicate issues with the extraction of L. digitata lipid.



54.3 Fatty Acids and Stable Isotopes

Higher levels of unsaturated FAs compared to saturated FAs typically result from cold-water conditions (Parrish, 2009). However, unlike lipid structure, which organisms solely regulate (Arts et al., 2009), FA composition also depends on diet, feeding strategy, and phylogeny (Dalsgaard et al., 2003; Makhutova et al., 2011). High levels of ω3 FAs eicosapentaenoic acid (EPA; 20:5ω3) and docosahexaenoic acid (DHA; 22:6ω3), and occasionally ω6 FA arachidonic acid (ARA; 20:4ω6), typically characterize the marine environment. Our results suggest that except for H. arctica (9%) and A. rubens (5%), only trace amounts of DHA occur within the Newfoundland rhodolith community. Hiatella arctica and A. rubens likely require more DHA because mollusks need it for growth (Wacker et al., 2002; Arts et al., 2009) and hatching in copepods (Arendt et al., 2005), which were abundant in the diet of A. rubens. The relatively high levels of DHA in H. arctica mirror findings of Copeman and Parrish (2003) who reported that bivalves conserve relatively higher levels of plankton-derived DHA, and lower ARA, than echinoderms. The enhanced trophic relationship (TMF > 1) between A. rubens and calanoid copepod-derived lipids such as 20:1ω9 and 20:1ω11 (TMF, 1.19), whether feeding directly or indirectly, follows the suggestion from Connelly et al. (2014) that organisms can maintain lipid-rich energy stores from copepod-derived lipids in the same way as from DHA. The trophic relationship also aligns with our diatom abundance findings because calanoids in Newfoundland also rely on a diatom-based diet in winter (Urban et al., 1992; Beaugrand et al., 2002). Based on its nitrogen (δ15N) signature (11.0) and TP (3.2), we identified A. rubens as the top consumer of the studied components in the rhodolith food web. While we cannot ascertain the sources of its diet, its similar FA composition to H. arctica, combined with the predatory lifestyle of A. rubens towards mollusks (Allen, 1983) suggests H. arctica may be a potential prey item.

Eicosapentaenoic acid was the most abundant FA in each of the six animals sampled (A. rubens, 32%; H. arctica, 19%; Nereis spp., 29%; O. aculeata, 27%; S. droebachiensis, 25%; and Tonicella spp., 22%), which suggests a compensatory role for DHA deficiency. High levels of essential FA typically reflect the dominant microalgal group (Dalsgaard et al., 2003); EPA levels are consistently high in diatom-dominated environments, whereas DHA prevails where dinoflagellates dominate. We conducted our study at the beginning of the spring phytoplankton bloom, so high concentrations of EPA (diatoms) might have overshadowed any presence of DHA, such as in H. arctica and A. rubens (Budge et al., 2001; Dalsgaard et al., 2003). As indicated by its prevalence in all diets, EPA has a high trophic magnification factor (TMF, 1.15). The biomagnification of EPA may confirm our hypothesis of a bottom-up food web in which most organisms rely on a shared resource (diatoms, EPA) passing from first order consumers onto second and third order consumers. The presence of diatom trophic biomarkers 16:0 and 16:1ω7 in sediment and in all animal diets, further points to diatoms as a major food source in this rhodolith community. Although synthesized biomarkers like 16:0 are less useful for understanding dietary intake than externally derived FAs like EPA, we recommend considering synthesized FA given their obvious accumulation in the present study (Wennberg et al., 2009). Interestingly, seston samples contained little EPA (1.2%) or 16:1ω7 (1.2%), but rather large proportions of 16:0 (21.7%; diatom and particulate macroalgae), 18:1ω9 (32.9%; zooplankton and particulate macroalgae), and 18:0 (18.2%; detrital) biomarkers (Wakeham and Canuel, 1988; Parrish, 2013; Legeżyńska, et al., 2014). This is in accordance with Bec et al. (2010) who concluded phytoplankton only explains 27% of the variance in seston. Because of our study site’s proximity to riverine input, some proportions of 18:1ω9 and 18:2ω6 (5.3%) could also be influenced by conifer pollen found in large quantities during spring (Masclaux et al., 2013; Lichti et al., 2017). Regardless, diatoms help support a rich infaunal community living underneath rhodoliths, which likely depends on deposition of organic material at the rhodolith-sediment interface (Steller et al., 2003; Grall et al., 2006; Berlandi et al., 2012). However, diatoms may provide more than just food to rhodolith beds, as per Steller and Cáceres-Martínez’s (2009) suggestion that diatom films on rhodoliths promote larval settlement of invertebrates (Morse et al., 1988; Daume et al., 1999; Huggett et al., 2006).

Although less abundant than EPA or DHA, at least some marine organisms also require ARA as an essential FA. ARA is particularly important for echinoderms (Copeman and Parrish, 2003) to regulate metabolic activities (Ciapa et al., 1995) and to maintain membrane structure and function (Parrish, 2009). In our study, ARA was highest in the echinoderms A. rubens (20%) and S. droebachiensis (15%). These high levels of ARA in sampled urchins were higher than those reported by Kelly et al. (2008) from both a coralline barren and kelp bed (Laminaria digitata). Laminaria digitata, a common food source for S. droebachiensis in eastern Canada, is typically rich in ARA (Fleurence et al., 1994; Schmid et al., 2014) and its low nitrogen (δ15N) signature (3.4) places it at the base of our food web (TP: 1.0). However, our kelp samples contained only 0.1% of ARA proportionally, making it an unlikely source of ARA across our food web. Nevertheless, high levels of a FA precursor to ARA, 18:2ω6 (9%), marked FA profiles of L. digitata. The ability of S. droebachiensis to synthesize ARA from 18:2ω6 complicates biomarker identification from algal FAs (Kelly et al., 2008). Combining FA analyses with stable isotope analyses can increase the resolution of organism diets. Thus, given some similarities of carbon (δ13C) signatures, S. droebachiensis (-19.8‰) may consume L. digitata (-21.0‰); however, δ13C signatures of L. digitata were degraded compared to literature (Raven et al., 2002; Schaal et al., 2010). Although we could not identify the dietary source of ARA among sampled components, we conclude amphipods represent a potential source of ARA in the rhodolith system because of both their high abundance in the rhodolith community and their typical ARA richness (Guerra-García et al., 2004). Given its biomagnification across diets (TMF, 1.16), ARA likely represents a key essential FA in the rhodolith food web and should be a focus of future studies.

Three potential photosynthetic carbon sources exist within a rhodolith bed: macroalgae (including the rhodoliths themselves), phytoplankton, and microphytobenthos (Grall et al., 2006). Similarly to S. droebachiensis, the (δ13C) signature (-19.3‰) of Tonicella spp. resembled that of rhodoliths (-18.9‰) and not kelp, suggesting that our focal grazing species feeds directly on coralline algae with little to no dietary input from kelp. Strongylocentrotus droebachiensis often leaves star-shaped tooth marks on rhodoliths (personal observations) and consumes coralline algae and microalgal films in coralline barrens, though limiting their bites to tips of rhodolith branches (Steneck, 1990; Scheibling et al., 1999; Lauzon-Guay and Scheibling, 2007). Tonicella spp. occurs in high abundance, often on the outside of rhodoliths. Although their bite marks are not as evident as those of S. droebachiensis, their articulating plates give them the unique ability to graze between rhodolith branches (Steneck, 1990). In addition to consuming corallines, these grazers can graze on diatom films on the surface of rhodoliths (James, 2000). Lipid concentrations were too low to confidently rely on our rhodolith lipid and FA results, therefore preventing comparisons with results for S. droebachiensis and Tonicella. spp. Contrary to Kelly et al. (2008) who sampled a blend of coralline algae taxa, our study is the first to explore lipids in a (presumably) single rhodolith species (L. glaciale). We were uncertain of the quantity of rhodolith material needed for our lipid analyses. We found that 3-5 g of rhodolith material yields negligible lipid concentrations. Based on our subsequent calculations and recent findings by Teed et al. (2020) that Newfoundland rhodoliths are 85% CaCO3 by weight (Teed et al., 2020), we recommend a minimum of 12-15 g of rhodolith material (organic and inorganic, combined) for future analyses. As mentioned above, δ13C signatures of L. digitata were lower than published accounts. We propose that sea ice contributed to carbon depletion in this species by causing bacterial degradation of kelp tissues or the production of new fronds on stored photosynthates containing little nutritional value, or by creating inadequate phytosynthetic conditions (Fredriksen, 2003; Vanderklift and Bearham, 2014). Furthermore, because δ15N signatures are influenced by light availability (Vanderklift and Bearham, 2014) and nutrient status (Gagné et al., 1982; Schaal et al., 2009), it is possible that sea ice also contributed to the unusually low δ15N signatures of L. digitata (3.4‰) (Raven et al., 2002; Schaal et al., 2010). This and the low total lipids in L. digitata require additional investigation.

Fatty acid profiles of H. arctica, O. aculeata, and Tonicella spp. were influenced by bacterial (16:2ω4 and i17:0) and red and green seaweed (18:1ω7) trophic biomarkers. δ15N signatures identified H. arctica (6.3‰) as a first order consumer and O. aculeata (9.0‰) and Tonicella spp. (9.7‰) as second order consumers. Though their trophic levels differed (TP, 1.9, 2.6, and 2.9, respectively), the similar δ13C signatures (-19.3 – -20.0‰) in the three species indicate similar carbon sources. In combining FA and stable isotope analyses, we identified similarities between the diets of non-predatory benthic organisms that suggest a resource partitioning relationship wherein animals consume different elements of the same foods (i.e. particulate algae, microphytobenthos, phytoplankton) at different times using different strategies (filter feeding, suspension feeding, and grazing, respectively), resulting in the effective use of the majority of the food source (Hines, 1982; Parrish et al., 2009). Accordingly, the feeding strategy of O. aculeata offers a possible explanation for the feeding relationship described above. Although brittle stars shared a nearly identical δ13C signature to H. arctica (-19.9‰ and -20.0‰, respectively), their stronger δ15N signature (9.0‰ versus 6.3‰, respectively) presumably originated from POM enrichment as POM settled on the seafloor (Iken et al., 2001). Therefore, O. aculeata likely consumes the same material as H. arctica, but as resuspended matter rather than through direct filter feeding, and thus benefits from the particulate leftover from H. arctica. Additionally, Tonicella spp. may graze on larger particulate material inaccessible to O. aculeata, potentially breaking it down into smaller pieces for consumption by O. aculeata. Indeed O. aculeata utilizes several different suspension feeding mechanisms to collect from the water column enriched, resuspended benthic particles (Labarbera, 1978). The species may therefore enhance benthic-pelagic coupling in transferring organic material from the pelagic zone to the benthos (Guerra-García et al., 2004). Our findings corroborate Grall et al.’s (2006) demonstration that rhodolith beds comprise both pelagic (Herman et al., 2000) and benthic, algae-based feeding relationships (Takai et al., 2004).



4.4 Conclusion and Future Research Directions

Our study supports the hypotheses that (1) the lipid composition of rhodolith cryptofauna generally reflects the predominantly cold-ocean conditions of Newfoundland; and (2) the rhodolith bed food web is mainly controlled from the bottom up by planktivores and detritivores as reflected by high abundance of planktonic and bacterial biomarkers. Our lipid and FA analyses revealed high levels of phospholipids and unsaturated FAs combined with low sterols in all animal species, suggesting adaptability for enhanced cell membrane fluidity in a cold-water environment. Our FA and stable isotope analyses showed that many taxa in the rhodolith community rely on a shared resource: diatoms. We also unveiled potential resource partitioning between first- (H. arctica) and second- (O. aculeata and Tonicella spp.) order consumers, whereby differences in feeding strategies enable utilization of specific components of the same organic and inorganic material.

Our study documents, for the first time, the specific diets of, and feeding relationships among, dominant animal taxa in a cold-ocean, Newfoundland rhodolith bed. The complexity of feeding relationships in benthic systems (Kharlamenko et al., 2001; Pitt et al., 2009; Kelly and Scheibling, 2012), temporal variability of benthic-pelagic coupling (Iken et al., 2001; Hacker Teper, 2022), and uncertainty in the amount of sample material required for some bed components (seawater and L. glaciale), limited the ability to decipher all possible linkages among and above the ten rhodolith bed components included in the present study. Future studies of rhodolith bed trophydynamics should use the aformentioned minimal sampling material requirements. We also recommend expanding the breadth of focal species to include, for example, pelagic organisms such as amphipods and copepods (Guerra-García et al., 2004; Pakhomov et al., 2004). The unknown contribution to trophodynamics of sediment and associated infauna underlying rhodoliths should be explored, particularly that of bacteria and microbes and their production of FAs (e.g. 16:0, 16:1ω7, and 18:1ω7) (Fullarton et al., 1995). The present study provides a snapshot of the feeding relationships in a subartcic rhodolith bed. A companion study at our study site suggests the feeding relationships reported in the present study are spatially and temporally stable with no appreciable intra annual changes outside of the spring phytoplankton bloom (Hacker Teper, 2022). Similar studies with broader spatial and temporal coverage would help further understand the diversity and stability of these relationships in rhodolith communities.
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Phymatolithon Foslie is one of the most studied and ecologically important genera of crustose coralline algae (CCA) due to their dominant abundance in various marine ecosystems worldwide. The taxonomy of the genus is complex and has been revised and updated many times based on morphological and molecular analyses. We report on a crustose coralline algal species collected in June 2011 via snorkeling in the subtidal zone along the beach Abu Qir on the Mediterranean coast of Egypt, as part of a larger macroalgal diversity survey in the region. The species shows significant sequence divergences (3.5%–14.8% in rbcL; 2.9%–11% in psbA) from other closely related Phymatolithon taxa. Morpho-anatomically, this species possesses the characters considered collectively diagnostic of the genus Phymatolithon, namely, thalli non-geniculate epithelial cells and non-photosynthetic and domed-shaped meristematic cells, usually as short with progressive elongation of their perithallial derivatives. Based on molecular and morphological analyses, we determined that these specimens encompass a new, distinct species that we herein name Phymatolithon abuqirensis. Including this new species, the total number of described Phymatolithon species found in the Mediterranean Sea is now six.
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Introduction

Species of Phymatolithon Foslie (Hapalidiales) are some of the most studied, ecologically important taxa due to their dominant abundance in maërl ecosystems worldwide (Pardo et al., 2014; Peña et al., 2014; Peña et al., 2015; Pardo et al., 2019). The worldwide distribution of Phymatolithon is vast, with the Arctic and Subarctic, the Atlantic Boreal, Lusitanian, and Mediterranean members primarily suggesting to be of Tethyan origin (pre-Mediterranean) (Adey and Steneck, 2001; Adey and Hayek, 2005; Adey and Hayek, 2011; Adey et al., 2013; Adey et al., 2018). Interestingly, no members of Phymatolithon have been collected in the northern Pacific, which have been confirmed through DNA sequencing (Adey et al., 2018).

Currently, there are 35 species of Phymatolithon and 20 infraspecific names, of which 22 are currently accepted taxonomically (Guiry and Guiry, 2021). The taxonomy and understanding of the genus Phymatolithon has been revised throughout the past two centuries. Phymatolithon was established by Foslie (1898) using a single species, Phymatolithon polymorphum (L.) Fosl. mscr., without referencing any specimen or description, and transferring Linnaeus’s designation of Millepora polymorpha (Linnaeus, 1767) to P. polymorpha (Woelkerling and Irvine, 1986). Historic samples of Phymatolithon have been named and substituted among many genera such as Millepora, Nullipora, Apora, Corallium, Agardhia, Juergensia, and Eleutherospora (as summarized in Woelkerling and Irvine, 1986). Phymatolithon was finally lectotypified by Woelkerling and Irvine (1986), almost a century after Foslie’s original description of the genus. Prior to this, one of the hardest challenges in the designation of Phymatolithon was that over 40 diagnostic character combinations had been used to describe the genus (Foslie, 1898; Kylin, 1956; Adey, 1964; Adey, 1970; Adey and Adey, 1973; Adey and Macintyre, 1973). For example, a newly proposed Phymatolithon species, P. atlanticum, is morphologically unique in the genus so far by exhibiting the presence of pitted pore plates of tetrasporangial/bisporangial conceptacle roofs (Jeong et al., 2021). Thus, caution should be noted when using this character as the authors point out that it shows strong evidence of convergent evolution among a phylogenetically distant genus, Lithothamnion (Hapalidiales). Moreover, specimens of Lithothamnion calcareum have been transferred to the genus Phymatolithon, thus adding to the taxonomic confusion (Guiry & Guiry, 2021). Other examples include Lithothamnion repandum, which was proposed as a new name for L. lenormandii f. australe (Foslie, 1904). Wilks and Woelkerling (1994) transferred the species to Phymatolithon repandum and treated L. asperulum as a heterotypic synonym. Adey (1970) separates the genera Phymatolithon and Lithothamnion based on three morphological characters, i.e., i) shape of distal walls of terminal epithelial cells, ii) relative length of subepithelial meristem cells, and iii) cell elongation type. It must be noted that no gametangial plants of the type species were examined in this typification (Adey, 1970). Adey et al. (2001) suggested the reinstatement of the genus Leptophytum, separating this genus from Phymatolithon based on differences in reproductive features (origin of gonimoblasts, position of conceptacle primordia, spermatangial systems, and the presence/absence of asexual conceptacle pore cells). Species delimitation using both morphological characters and molecular data still presents challenges. When looking at sequence divergence among other members of Phymatolithon, the interspecific variations range between 6.4% and18.8% for rbcL, 3.3% and 13% for psbA, and 6.5% and 16.8% for COI-5P (Gabrielson et al., 2011; Torrano-Silva et al., 2018; Jeong et al., 2019; Jeong et al., 2021).

With the advances of DNA sequencing technologies and our modern understanding of cryptic diversity, it is no longer possible to conduct morphological analyses alone to accurately identify species or even genera for both geniculate and non-geniculate CCA (Gabrielson et al., 2011; Martone et al., 2012; Hind et al., 2014; Hind et al., 2015; Van der Merwe et al., 2015; Richards et al., 2017; Richards et al., 2020; Richards et al., 2022; Puckree-Padua et al., 2020). Gabrielson et al. (2011) established an integrated taxonomic approach in which DNA sequencing and morphological analyses of type specimens are used from the same specimens. For example, previously, specimens of Lithothamnion ferox were transferred to the genus Mesophyllum (Adey, 1970) and have since been transferred to Phymatolithon as P. ferox thanks to DNA sequencing (Van der Merwe and Maneveldt, 2014; Maneveldt et al., 2020). According to Adey et al. (2015), morphological characters unique to Clathromorphum (previously confused as Phymatolithon) consist of a multilayered, photosynthetic epithallium and a double mode of calcification enabling the formation of massive carbonate structures with multiyear longevity. Molecular work also showed a complex relationship with northern species of Hapalidiaceae using a three-gene analysis (SSU, psbA, rbcL) (Adey et al., 2015). Most recently, a new genus, Phymatolithopsis, has been described by Jeong et al. (2022) for some species previously assigned to Phymatolithon. This new genus is sister to Mesophyllum and located in a clade distinct from Phymatolithon. Phymatolithopsis is differentiated from Phymatolithon by morphological features such as the origin of the conceptacle primordia and the distribution of gonimoblast filaments (Jeong et al., 2022). The description of this new genus included the taxonomic transfer of Phymatolithon prolixum and P. repandum to Phymatolithopsis prolixa and P. repanda, respectively (Jeong et al., 2022).



Materials and methods


Specimen collection

Specimens were collected in June 2011 via snorkeling in the Mediterranean Sea, Alexandria, Abu Qir, Egypt (31˚ 19.3345’ N, 30˚ 3.6198’ E) (Figure 1), from the subtidal habitat as part of a larger macroalgal diversity survey around the Mediterranean and Red Seas. Specimens were preserved by desiccating in silica gel and deposited in the University of Louisiana at Lafayette Herbarium (LAF). Approximately, 100 mg of silica desiccated tissue was ground into a fine powder immediately prior to DNA extraction.




Figure 1 | Specimen collection map of Phymatolithon abuqirensis vouchers TS 757 and TS 759 collected in the Mediterranean Sea, Alexandria, Abu Qir, Egypt.





DNA extraction and sequencing

DNA was extracted from the newly collected specimens using the Quick-DNA Plant/Seed Miniprep Kit (Zymo Research, Irvine, CA, USA). Markers chosen for PCR and sequencing included the plastid-encoded genes psbA (encodes photosystem II reaction center protein D1 gene) and rbcL (encodes the large subunit of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase), and the nuclear-encoded LSU (partial 28S rDNA) as well as SSU (partial 18S rDNA). The PCR performed followed the protocols and primers described in Richards et al. (2014). PCR products were cleaned by the addition of 2 µl of ExoSAP-IT™ (USB, Cleveland, Ohio) per 5 µl of amplified DNA product. Reactions were incubated at 37°C for 15 min, followed by inactivation of ExoSAP-IT™ at 80°C for 15 min. Purified PCR products were subsequently cycle-sequenced using the BrightDye® Terminator Cycle Sequencing Kit (Molecular Cloning Laboratories [MCLAB], South San Francisco, CA, USA). Resulting cycle sequence reactions were purified with ETOH/EDTA precipitation and were sequenced in-house at the UL Lafayette campus on an ABI Model 3130xl Genetic Analyzer. The resulting chromatograms were assembled and edited using Sequencher 5.1 (Gene Codes Corp., Ann Arbor, MI, USA) and exported as individual “.FASTA” files. Species identification, specimen collection information, and GenBank accession numbers are listed in Supplementary Table 1.



Phylogenetic analysis

Sequences for psbA and rbcL were aligned separately using MUSCLE and then analyzed downstream as single-gene analyses or concatenated using Sequence Matrix v. 1.8 (Vaidya et al., 2011). The DNA matrices were exported as Philip “.PHY” format and for analyses with phylogenetic tools available on the CIPRES server, namely PartitionFinder 2 (Lanfear et al., 2017), to determine the best fitting model of evolution and data partition and tree reconstruction with RAxML (Stamatakis, 2014). The single gene alignments of psbA and rbcL both resulted in the selection of GTR+G model with three partitions based on the Akaike Information Criterion corrected (AICc) and Akaike information criterion (AIC) scores. The concatenated alignments including psbA and rbcL resulted in the selection of GTR+G models with three partitions each with the first, second, and third codon per gene, based on the AICc and AIC scores. For both datasets, RAxML searches consisted of 1000 independent restarts with the above models and partition schemes with 1000 independent searches to find the tree with the lowest likelihood score and 1000 Bootstrap (BS) replications. The Newick file was imported into FigTree 1.4.2 (Rambaut and Drummond, 2012) as a starting point for further editing in Microsoft Publisher (i.e., tree structure export for label editing, respectively).

The single gene alignments were 959 bp for psbA and 1,494 bp for rbcL, while the concatenated alignment was 2,453 bp. The psbA alignments included 19 sequences of Phymatolithon with 11 additional sequences in the Hapalidiales ingroup and two sequences in the Sporolithales outgroup; rbcL included 21 sequences of Phymatolithon and 11 additional sequences in the Hapalidiales ingroup and two sequences in the Sporolithales outgroup; and the concatenated tree of psbA and rbcL consisted of 32 sequences of Phymatolithon and 19 additional sequences in the Hapalidiales ingroup, and two sequences in the Sporolithales outgroup.

Estimation of evolutionary distances from nucleotide sequences was done in MEGA X using the Jukes-Cantor pairwise distance model. This analysis involved 34 nucleotide sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There were a total of 507 positions in the final dataset (Supplementary Table 2). Species delimitation analysis for each gene was performed separately using Assemble Species by Automatic Partitioning (ASAP) (Puillandre et al., 2021) using the Jukes-Cantor substitution model for the following parameters: split groups below 0.01 probability, highlighting genetic distances between 0.005 and 0.05.



Scanning electron microscopy

Sample preparation and scanning electron microscope (SEM) were adapted and modified according to the protocol of Richards et al. (2016) as follows: portions of the thallus from silica gel-dried specimens were removed using a razor blade and forceps. Crustose specimens were sectioned by performing vertical fractures (cutting from the thallus surface to the substratum), whereas protuberances were sectioned longitudinally (through the middle of the protuberance from the tip to the base) and transversely (through the lateral sides of protuberance). Specimens were sectioned manually using a new single-edge razor blade for each fracture and were mounted using liquid graphite and coated with 15 nm of gold. To ensure even distribution of the gold over the three-dimensional features in the sections, coating was performed in two applications. First, 8 nm of gold was applied with the stub lying flat on the stage of the coating chamber. After the first application, the specimen was tilted using a coin placed underneath the stub and a second application of 7 nm of gold was performed. Specimens were viewed using a Hitachi S-3000N SEM at a voltage of 15 kV, housed in the Microscopy Center at UL Lafayette, following the manufacturer’s instructions. Cell dimensions were measured from SEM micrographs following the protocols of Irvine and Chamberlain (1994) and Adey et al. (2005). Terminology follows Woelkerling (1988) and Adey et al. (2015).




Results

The sequences obtained for TS 757 and TS 759 were identical for each of psbA; rbcL could only be generated for TS 757. Both single and concatenated gene analyses indicated Phymatolithon abuqirensis (TS 757 and TS 759) as sister to Phymatolithon nantuckensis (Figures 2–4). The pairwise distance for rbcL between P. abuqirensis and P. nantuckensis was 3.5%; with P. ferox it ranged from 5.5% to 5.7%; between it and P. koreanum it was 7.0%; between it and P. rugulosum, P. lenormandii, and P. purpureum it was 9.2%; and between it and P. dosungii and P. squamulosum it was 11.3%. When looking at the sequences of Phymatolithon sequences, P. atlanticum is 12.4% different to P. abuqirensis, P. lustitanicum 14.5%, and P. lamii 14.8%. Other taxa in the Hapalidiales range from 12.9% difference (Phymatolithopsis prolixa = ‘Lithothamnion’/Phymatolithon proxilum) to 17.5% (Neopolyporolithon reclinatum), and the Sporolithales outgroups are 18.5% different from P. abuqirensis (Supplementary Table 2).




Figure 2 | ML analyses of psbA sequences (959 bp). Numbers at branches indicate bootstrap values out of 1,000 replicates. * denotes full support.






Figure 3 | ML analyses of rbcL sequences (1494 bp). Numbers at branches indicate bootstrap values out of 1,000 replicates. * denotes full support.






Figure 4 | ML analyses of concatenated psbA and rbcL sequences (2,453 bp). Numbers at branches indicate bootstrap values out of 1,000 replicates.* denotes full support.



When comparing pairwise distances for the psbA gene, TS 757 and TS 759 were 100% identical; there is a 2.9% difference between the sister species, P. nantuckensis, and 3.1% between P. ferox and P. koreanum. In the closest clade, differences range from 5.1% (P. calcareum) to 6.3% (P. margoundulatus and P. purpureum). P. lamii, P. lustanicum, and P. rugulosum all differ from the TS 757 and TS 759 specimens by 9.8%, 10.1%, and 11%, respectively. Other taxa in the Hapalidiales range from 9.1% (“Synarthrophyton” patena) to 13.7% (Clathromorphum compactum), and the outgroup Sporolithales differs by 14.0% for both taxa (Supplementary Table 3).

Phymatolithon abuqirensisR.P.Kittle and T.Sauvage sp. nov. (Figures 5, 6)




Figure 5 | Scanning electron microscopy images of Phymatolithon abuqirensis voucher TS 757 (LAF 7722). (A) Habit view of thallus, scale bar = 1 cm. (B) Section view of thallus, scale bar = 200 µm. (C) Section view showing hypothallium (bracket) with monomerous thallus construction and hypothallial cells’ direction of growth (white arrow), scale bar = 100 µm. (D) Magnified view of perithallium with adjacent perithallial cells linked by cell fusions in the x-axis (f) and z-axis (*), scale bar = 20 µm. (E) Section showing domed epithelial cells (e), meristematic cells (m), and tear-dropped shaped perithallial cells (p), scale bar = 30 µm. (F) Magnified view of surface cells, emphasizing the domed epithelial cells (e), scale bar = 20 µm.






Figure 6 | Scanning electron microscopy images of Phymatolithon abuqirensis voucher TS 759 (LAF 7723). (A) Habit view of thallus, scale bar = 1 cm. (B) Section view showing monomerous thallus construction with hypothallial cells grown parallel to substratum (bottom bracket) and perithallial filaments arching upward (top bracket), scale bar = 200 µm. (C) Magnified view of hypothallium over substratum, scale bar = 100 µm. (D) Magnified view of perithallium with adjacent perithallial cells linked by cell fusions in the x-axis (f) and z- axis (*), scale bar = 20 µm. (E) Section showing domed epithelial cells (e), meristematic cells (m), and teardrop-shaped perithallial cells (p), scale bar = 30 µm. (F) Magnified view showing surface cells, emphasizing the domed epithelial cells (e), meristematic cells (m), and teardrop-shaped perithallial cells (p), scale bar = 20 µm.



Holotype: TS 757 (LAF 7722): Abu Qir, Egypt (31˚ 19.3345’ N, 30˚ 3.6198’ E), Mediterranean Sea, 8.vii.2011, depth <2m, leg. TS.

Isotype: TS 759 (LAF 7723): Abu Qir, Egypt (31˚ 19.3345’ N, 30˚ 3.6198’ E), Mediterranean Sea, 8.vii.2011, depth <2m, leg. TS.

Etymology: The specific epithet refers to the area the sample was collected from, Abu Qir, Egypt.

Description:

DNA sequence data: rbcL and psbA sequences diagnostic for this species. rbcL: TS 757 = ON376984; psbA: TS 757 = ON376951, TS 759 = ON376952; LSU and SSU sequences are also provided. LSU: TS 759 = ON362134; SSU: TS 757 = ON362158.

Habit and vegetative anatomy:

Thallus habit non-geniculate, forming epilithic crust on rock (Figures 5, 6); thallus construction monomerous with hypothallial cells rectangular to elongate with rounded corners, approximately 10 to 19 µm long and 5 to 10 µm wide; perithallium with cell fusions abundant in both x- and z-axes (Figures 5, 6); secondary pit connections absent between cells (Figures 5, 6); perithallial cells obovate (tear-drop shaped), 4 to 6 µm wide by 4 to 7 µm tall; intercalary meristematic cells short, 4 to 6 µm wide by 3.0 to 5 µm tall (Figures 5, 6); epithallium comprised of a single layer of epithelial cells dome-shaped 3.0 to 5.5 µm wide by 1.5 to 2.5 µm tall (Figures 5, 6).

Reproductive Morphology: No reproductive structures were observed in samples of P. abuqirensis vouchers TS 757 or TS 759.



Discussion

Our phylogenetic analyses show that Phymatolithon vouchers TS 757 and TS 759 encompass a single, distinct species within Phymatolithon that we here name P. abuqirensis. The species shows significant sequence divergences (3.5%–14.8% in rbcL; 2.9 to 11% in psbA) from other closely related Phymatolithon species. These sequence divergence values correlated well with other coralline algal studies (Gabrielson et al., 2011; Torrano-Silva et al., 2018; Jeong et al., 2019; Jeong et al., 2021) that had reported interspecific variations for rbcL 6.4%–18.8% and for psbA 3.3%–13%. Further delimitation methods should be used with more genes to determine species and generic boundaries. Fragments of 18S and LSU were generated but were not phylogenetically informative enough given the lack of type specimens sequenced for these genes, and limited sequences to compare hindered the interpretation of results.

Morpho-anatomically, P. abuqirensis possesses the characters considered collectively to be diagnostic of the genus Phymatolithon, namely, thalli non-geniculate epithelial cells and non-photosynthetic and domed-shaped meristematic cells that are usually as short with progressive elongation of the perithallial derivatives. However, many of these morphological characters are shared with other genera of distantly related CCA, so interpretation using only morphology should be used with caution (as summarized in Supplemental Table 4). There are five reported species of Phymatolithon other than P. abuqirensis that have been collected in the Mediterranean Sea, namely, P. calcareum, P. lamii, P. lenormandii, P. lusitanicum, and P. purpureum (Irvine and Chamberlain, 1994; Kaleb et al., 2012; Peña et al., 2015; Wolf et al., 2016; Cormaci et al., 2017), four of which have been found in a wide biogeographical distribution outside of the Mediterranean Sea, such as the Atlantic Sea, northern Spain and France, Arctic Norway, eastern North America (Newfoundland, Canada to Massachusetts), and Asia (Adey and Adey, 1973; Chamberlain, 1991; Irvine and Chamberlain, 1994; Hernández-Kantún et al., 2014; Hernández-Kantún et al., 2015; Peña et al., 2015; Adey et al., 2018). Despite initially hypothesizing P. abuqirensis having a Tethyan distribution like other taxa found in the Red and Mediterranean Seas, the species closest to P. abuqirensis is P. nantuckensis, a taxon that has only been reported in Nantucket Island in the western North Atlantic (Adey et al., 2018; Guiry and Guiry, 2021). Adey et al. (2018) hypothesized that the existence of P. nantuckensis could be a relict species or possibly introduced by the heavy use of Nantucket Harbor as a whaling port during the 18th and 19th centuries, but no samples have been reported in the Northern Atlantic. Alternatively, this species might have just been overlooked and previously misidentified by initially being lumped with other species. As sequencing technologies advance in conjunction with a better understanding of phylogenetically informative morphological characteristics, a better understanding of Phymatolithon as a whole will become more evident. The knowledge of coralline algal diversity has greatly improved and led to both the reclassification of taxa and the discovery of new species. More in-depth biogeographical analyses should be conducted in the future.

CCA have been estimated to exist in the Mediterranean for ~140 My (Chatalov et al., 2015). More frequent environmental disturbances and anthropogenic stressors are impacting coralline algal ecosystems and adjacent habitats worldwide (Coll et al., 2010; Blanfuné, 2016; Basso et al., 2018; Quéré et al., 2019). CCA such as P. abuqirensis are at risk of being displaced due to the dynamic nature of calcium carbonate in the cell walls being intrinsically linked to global climate change and ocean acidification. The Mediterranean Basin has been coined a “climate change hotspot” where climate models are consistently projecting regional warming at rates 20% above the global means (Hilmi et al. 2022). CCA in the Mediterranean have already shown to be vulnerable to elevated temperatures and pCO2 experimental conditions (Martin and Gattuso, 2009; McCoy and Kamenos, 2015) leading to 2- to 3-fold increase in the percentage of death and dissolution of thalli. When examining the effects of climate change on early life stages of coralline, it was found that they led to lower reproductive success and recruitment (Cumani et al., 2010; Porzio et al., 2011; Kroeker et al., 2012).

Rindi et al. (2019) stated that populations of the same species in the eastern versus western Mediterranean may respond differently to future climatic changes. One reason might be because of the variability in oceanographic conditions within the basins, such as the influence of the Atlantic Ocean in the western Mediterranean to the overall spatial sea surface temperatures and sea surface salinities that are controlled by the distribution of the colder Black Sea Waters, and the advection of the warmer Levantine Waters of the Aegean Sea (Estournel et al., 2021).

This study helps the global diversity research of CCA by adding to the number of described species of Phymatolithon for the Mediterranean region and by contributing to understanding cryptic coralline algal species on a global scale. Multiple markers (rbcL, psbA, SSU, and LSU) are provided for Phymatolithon abuqirensis to aid future studies to better understand the phylogenetic relationships and species delimitations of the genus. Phymatolithon abuqirensis could also have been introduced in the Mediterranean Sea due to the close proximity to the Red Sea. Since the distribution of P. abuqirensis is unknown outside of Abu Qir, Egypt, additional sampling is needed to assess the full biogeographical range of this species.
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Long-term, high-resolution measurements of environmental variability are sparse in the High Arctic. In the absence of such data, we turn to proxies recorded in the layered skeletons of the long-lived crustose coralline algae Clathromorphum compactum. Annual growth banding in this alga is dependent on several factors that include temperature, light availability, nutrients, salinity, and calcium carbonate saturation state. It has been observed that growth slows during winter as sunlight reaching the seafloor diminishes due to decreased insolation and the build-up of sea-ice, such that the relationship between sea-ice cover extent and algal growth has allowed for reconstructions of relative sea-ice variability through time. However, recent laboratory work has shown that C. compactum continue growing in complete darkness (sea-ice cover). Therefore, a more complete understanding of algal growth is necessary for the refinement of the sea-ice proxy. Here, we present the results of a ~year-long in-situ growth and environmental monitoring experiment in Arctic Bay, Nunavut, Canada (~73°N) which addresses, for the first time in situ, the gaps in our understanding of growth over an annual cycle in the High Arctic. Algal growth was assessed on a quasi-monthly basis, where specimens were subsampled to quantify monthly extension in the context of ocean temperature and light availability. By measuring extension rate through time, we observed that the algae grew on average 72 µm yr-1, with ~54% of annual growth occurring during the sea-ice free summer months (June-September), ~25% during the winter months (November-April), and ~21% occurring during the transition months of May and October. Although winter growth slowed, we did not observe a consistent cessation of linear extension during low-or no-light months. We posit that substantial growth during the winter months at this latitude is most likely a consequence of the mobilization of stored energy (photosynthate) produced during the photosynthetically active summer months. However, we also discuss the possibility of low light-photosynthetic activity and/or dark carbon fixation, which could also facilitate extension through time. Overall, the novel growth model presented here has implications for the use of C. compactum growth for reconstructing the environment as well as for trace-element-based (typically Mg/Ca) algal chronologies.
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1 Introduction

Comprehensive long-term records of environmental variability are necessary for contextualizing present and future oceanic change. However, for most of the Arctic Ocean significant paleorecords are sparse. Over the last few decades, the Arctic Ocean environment has been changing at an alarming rate, in large part due to anthropogenic disturbances contributing to a loss of sea-ice extent, a shortening of the sea-ice season, and a general warming of the ocean in many regions (e.g., Kinnard et al., 2011; Stroeve et al., 2012; Comiso et al., 2017; Stroeve and Notz, 2018; Schweiger et al., 2019; Cai et al., 2021). Among the rapidly changing parameters in this region, we know little about the long-term and fine-scale dynamics of sea-ice and ocean temperature. Beyond terrestrial climate archives (tree rings and ice cores), most of the available historical data for this region come from satellite sensors only available for the 1970s and onwards (Polyak et al., 2010), and from marine sediment cores (e.g. IP25 biomarkers; Belt et al., 2007) typically archiving data at hundreds- to thousands-years resolution (De Vernal et al., 2013), and in rarer instances at sub decadal resolution. While reconstructions of past sea-ice extent are possible using multiple proxies as listed above (Kinnard et al., 2011), the low geographic and temporal resolution of such reconstructions does not allow for a thorough evaluation of annual to sub-annual scale variability. Nonetheless, the observed declines in Arctic sea-ice and associated increases in glacial melt water over the last number of decades have the potential to significantly influence heat exchange, ocean circulation, climate patterns, organism survival, ecosystem function and even fisheries productivity – all at the global scale (e.g. Meier et al., 2014).

Fortunately, geochemical archives of ocean variability in this region exist in the layered skeletons of long-lived Arctic calcifying marine organisms called crustose coralline algae (CCA). Some genera of CCA are among the longest lived marine calcifiers in the world (living for upwards of 1800 years; Adey et al., 2015a), producing annual high-magnesium calcite layers that can be counted, dated, and chemically analyzed to reconstruct the environment over the last one or two millennia, and are found almost ubiquitously between 10 and 20m depth along the rocky coastlines of the northwestern North Atlantic and Arctic Oceans (Adey, 1966; Adey and Steneck, 2001; Adey and Hayek, 2011; Adey et al., 2013). Of particular interest in the High Arctic is the CCA species Clathromorphum compactum, which grows upwards of 60-150 µm/year in the cold, often sea-ice covered Arctic waters (Halfar et al., 2013; Adey et al., 2015a; Williams et al., 2021). The genus Clathromorphum possesses a unique method of growth and calcification, originating from a single-cell plane of growth termed the intercalary meristem (Adey, 1965; Adey et al., 2005; Adey et al., 2015b). In this intercalary meristem, growth and calcification of the thin upper photosynthetically active multilayered epithallial skeleton (Adey et al., 2015b) and the thicker lower perithallial skeleton occur simultaneously but in opposing direction (Adey et al., 2013).

Clathromorphum compactum serves as an exceptional archive of environmental variability owing to its ability to form continuously accreted, multilayered mounds (Adey et al., 2015a). A tight link between environmental conditions and skeletal growth, coupled with the protection of the archival perithallial skeleton from grazing by the epithallial skeletal layers above the meristem, often render the perithallial layers very well preserved and, as such, the bulk skeleton serves as an excellent archive. Evaluation of annual growth band thickness and Mg/Ca incorporation in the perithallial skeleton, both highly positively correlated with environmental temperature, has allowed for the reconstruction of ocean temperature through time in non-sea-ice covered regions (Halfar et al., 2000; Halfar et al., 2008; Hetzinger et al., 2009; Gamboa et al., 2010; Hetzinger et al., 2017). While grazing of the epithallial skeleton by chitons is balanced by new production, occasionally deep grazing from scraping organisms like urchins or boring by worms and clams, can disrupt yearly layering. This damage is typically local, not occurring across the entire algal surface - thus, stepwise layer analysis of adjacent layers can avoid the issue (Adey et al., 2013). In some cases, where scarring from boring organisms or diagenetic alteration of dead skeleton, which later can be recolonized, does cause unconformities in the archival record, the skeleton is rendered undatable. To mitigate the impact of boring on skeletal archives, (Adey et al., 2015a) show that sampling from bottom types that limit boring can extend both the age and the paleoenvironmental fidelity of C. compactum beyond the current 800–1800-year limit.

Experimental work in both the laboratory and field has shown growth in the genus Clathromorphum to be largely a function of light availability and temperature (Adey, 1970; Halfar et al., 2008; Williams et al., 2018; Williams et al., 2021; Westfield et al., 2022). Additionally, multiyear growth, anatomical development, and calcification rates have been investigated for wild specimens of C. compactum collected from northern Labrador, where a six to eight month sea-ice regime exists (Adey et al., 2015a). However, a complete understanding of algal growth through sea-ice-covered seasons in High Arctic regions characterized by more extensive sea-ice cover and complete darkness is lacking. Although algal growth appears to decline in winter months, several lines of evidence point to continued growth and calcification even after the onset of winter sea-ice for at least one to two months as the algae metabolize stored photosynthate (Rhodophycean starch) to continue growing (Williams et al., 2018). First, very low Mg/Ca ratios measured in algal specimens sampled from the High Arctic (Halfar et al., 2013) indicate that growth of C. compactum slows significantly in the colder winter months, owing to the decrease in sunlight reaching the seafloor (due to decreased insolation and the build-up of sea-ice and snow cover) and the decline in seawater temperatures to as low as -1.8°C, but apparently continues for some time in order to record the very low Mg/Ca signatures reflective of low seawater temperatures (Halfar et al., 2013). Second, recent work by Williams et al. (2018) observed that C. compactum continues to grow and calcify under experimental conditions of complete darkness, apparently until stored photosynthate is exhausted.

The strong relationship between year-to-year variability in annual sea-ice extent and algal growth has allowed for the reconstruction of sea-ice variability in the High Arctic through time using a combination of both skeleton growth band anomalies and Mg/Ca anomalies in this species through time (Halfar et al., 2013; Hetzinger et al., 2019; Leclerc et al., 2022a; Leclerc et al., 2022b). Leclerc et al. (2022b) for instance, find strong correlations between growth band thickness (growth anomalies) and summer sea-ice concentrations in three cross-dated specimens of C. compactum from Beechey Island, Nunavut. However, the laboratory experiment of Williams et al. (2018) also illustrates that light availability may have a large control not only on the growth and calcification of this marine alga, as previously illustrated, but also on the incorporation of Mg/Ca into the skeleton, adding uncertainty to the Mg/Ca proxy for reconstructing both seawater temperature and sea-ice extent. Therefore, a refinement of our understanding of seasonal variations in algal growth and calcification in regions of the High Arctic is necessary for finetuning of the algal sea-ice proxy.

Here, we present the results of an 11-month in situ growth monitoring experiment in Ikpiarjuk (Arctic Bay) Nunavut, Canada, to address the gaps in our understanding of C. compactum growth over an annual cycle. We develop a framework for algal growth, which has implications for the use of CCA growth banding for reconstructing sea-ice extent as well as for skeletal element-based (e.g., Mg/Ca) chronologies. These findings inform both the proxy calibration and age-modeling of these important marine archives and speak to the potential impact of environmental change on this important ecosystem engineer.



2 Materials and methods


2.1 Study site and experimental setup

The Ikpiarjuk (Arctic Bay) in-situ growth experiment commenced in September 2019 at 72°59.747’ 85°04.589’ (Figure 1). This High Arctic location was considered an ideal setting for this experimental setup due in part to the lack of deep grazing pressure on skeletal accretion owing to the much colder Arctic waters than found in other potential locations such as in the Aleutian Islands, where work by Rasher et al. (2020) observed extensive grazing on the species Clathromorphum nereostratum. Clathromorphum compactum were first identified at 15 m on the western coastline of Arctic Bay using an underwater camera survey. Alga were then collected by SCUBA using hammer and chisel. All algal colonies collected were submerged in holding tanks filled with a seawater calcein solution (5 mL 1% Western Chemical SE-MARK calcein L-1 seawater) for a period of 72 hours to mark the initiation of the experimental period. Algal colonies were then sectioned with a hammer and chisel to roughly 25-cm2-sized fragments and affixed with z-spar epoxy resin (A-788 Splash Zone 2-Part Epoxy Compound) to individual acrylic plates marked with a unique sample number. Individual algal plates were then set on larger sample plates (8 algae/plate) equipped with environmental sensors (Figure 2). A total of 80 individual algal colony fragments were re-deployed to the seafloor at the same depth they were collected (15 m) (Figure 2). Sea-ice thickness (cm) was measured across the experimental period using an auger and tape measure (Figure 8). Snow cover on the sea-ice was not well documented throughout the study and was therefore not included as a variable in this analysis, however, we acknowledge that snow-cover atop the sea-ice may have contributed to the measured declines in insolation to the seafloor observed here.




Figure 1 | (A) Field sampling location in Ikpiarjuk (Arctic Bay), Nunavut, Canada (yellow square). (B) Seafloor at 72°59.747’ 85°04.589’ 15m depth, where the experimental array was deployed from September 2019 through August 2020. (C) Clathromorphum compactum specimen collected at sample site.






Figure 2 | (A, B) Algal experimental setup on the seafloor in Arctic Bay, Nunavut, Canada. (photo credit: Eric Brossier). (C) Algal sample plates, each equipped with an ONSET HOBO Pendant MX2202 temperature/light data logger and 8 algal specimens.





2.2 Data collection


2.2.1 Algal sampling

A subsample of algae was randomly sampled from the experimental array on a quasi-monthly basis by SCUBA. At each collection time point, algae were recovered by clipping individual algal plates from the larger array and brought safely aboard the RV Vagabond, which overwintered at the study site. Once aboard, the sample ID was recorded and the algae were rinsed in ethanol and left to dry before being wrapped in paper towels for safe transit to Northeastern University’s Marine Science Center at the conclusion of the experiment. Due to technical issues, the March and September 2020 collection of algae were not possible. When possible, 8 to 10 algae were collected during each dive (see Table 1 for algal collection schedule), and a total of 68 algae were collected at the conclusion of the experiment in August 2020.


Table 1 | Arctic Bay, NU C. compactum sampling schedule.





2.2.2 Environmental data

The algal experimental array was equipped with ONSET HOBO Pendant MX2202 temperature/light data loggers set to record both lux and temperature at 20-minute intervals throughout the experimental period. These loggers were affixed to the stages holding the algal specimens at the height of the algae and oriented parallel to the sea surface so that incident light would be recorded at the average depth and angle of the algae. Loggers were cleaned and data offloaded during each collection dive. Sea-ice thickness was measured across the experimental period as well using an auger and tape measure (Figure 8).

Monthly integrated incident light energy data were computed at the plane of the algae by first converting instantaneous lux measurements from the HOBO pendant loggers to photosynthetic photon flux density (PPFD, µmol photon m-2 sec-1) using the conversion factor for sunlight of 0.0185 (Apogee Instruments). Next, average hourly irradiance was computed across all days per month (Figure 3), and the area under the irradiance curve was solved for using the R package MESS (Miscellaneous Esoteric Statistical Scripts) and the function auc (area under curve) to achieve average daily light energy values for each month, which were then converted to monthly integrated energies (µmol photon m-2 month-1) by multiplying the area under the curve by the number of days in each month. Average monthly temperatures are reported in °C and were computed using the 20-minute logged temperature averages from the deployed HOBO pendant loggers (Figure 4 and Table 2).




Figure 3 | Daily average (navy) and maximum (light blue) incident light profiles by month at 15m depth in Arctic Bay, Nunavut, Canada across the experimental period. Note differences in y-axis scales.






Figure 4 | Daily average (maroon) and maximum (pink) temperature profiles by month at 15m depth in Arctic Bay, Nunavut, Canada across the experimental period. Note differences in y-axis scales.




Table 2 | Modeled C. compactum extension rates and monthly average temperature and incident light energies.






2.3 Algal growth


2.3.1 Linear extension measurement

Algae sections were prepared at University of Toronto Mississauga, where specimens were first cut using a wetted diamond-coated circular saw, and then sectioned to a thickness of 4 to 5 mm with a petrographic trim saw equipped with a diamond-coated blade and affixed to glass slides using Crystalbond™ epoxy. An Accutom 100 precision grinder was used to create a flat surface, and algal sections were then polished to a grit size of 3µm. Sections were then photomicrographed with a Nikon AZ100 on-axis macroscope equipped with a Nikon DS-Ril digital cooled camera head and a fluorescence module at Northeastern University’s Marine Science Center to quantify linear extension (growth) of the perithallial skeleton during the experimental period. Linear extension of the perithallium was measured as the average distance from the calcein marker to the meristem by taking an average area of growth divided by the lateral distance of the calcein marker under this area (see Figure 5). Due to the image resolution and because all growth estimates for subsequent collections are referenced to the first month of experimental growth, which includes the period during which the algae were stained with calcein dye, the average thickness (3.75 µm) of the calcein line was removed from all linear extension measurements used in subsequent analyses. Linear extension was measured across the entire surface of the sectioned alga. Multiple measurements of linear extension across the surface of a single algal section, or, in some cases, multiple sections of the same alga, averaged to yield a mean rate of linear extension for each specimen.




Figure 5 | Fluorescent microscope images of representative C. compactum sample. (A) Image depicting calcein line (indicating initiation of experimental period September 28, 2019), meristem, epithallial skeleton and perithallial skeleton. (B) Image depicting calculation of average linear extension, measured by obtaining an area above the calcein line and below the meristem divided by the lateral distance of the calcein marker below this area.



Growth rate modeling for each month of the experimental period was conducted using a LOESS local regression model describing the average algal extension at each sample time-point. The model span was set to 70% to best capture the shape of the growth extension data and to avoid overfitting of the observed cumulative growth over time (see section 3.3.1 and Figure 6).




Figure 6 | Average algal linear extension (µm) at each sample collection (October 28, 2019, through August 31, 2020). Error bars indicate standard error on mean algal linear extension computed from multiple linear extension measurements across individual algal surfaces. Locally weighted scatterplot smoothing (LOESS) model shown in solid line with shaded 95% confidence interval.







3 Results


3.1 Environmental data

Monthly average temperatures at the Ikpiarjuk (Arctic Bay) experimental array spanned a total of 5°C throughout the year, ranging from 3.2°C in August to -1.81°C in May (Figure 4 and Table 2). Incident light energy to the seafloor at 15 m depth ranged from a maximum of 9.37E07 µmol m-2 month-1 (3.02E06 µmol m-2 day-1) in July to a minimum of zero in January (Table 2). Sunlight declined by a factor of ten from October through November, as sea ice covered the bay in its entirety. However, a minimal amount of sunlight reached the seafloor through December, with complete darkness being reached in the month of January during the polar night. Sunlight was observed to return to the seafloor, despite the presence of sea ice, in the months of February and March, although the average daily incidence at 15 m was minimal. Sea-ice thickness was measured at several timepoints throughout the experiment. Sea-ice formation began during the month of October and grew to a maximum thickness of 160 cm above the algal array during the month of May. Sea-ice broke up during the second half of June and had completely disappeared by the first week of July 2020 (see Supplement S2 and Figure 8).



3.2 Algal growth


3.2.1 Linear extension

Linear extension could be measured for 60 of the 68 algae collected throughout the experiment (Tables 1; S1). Eight of the algae did not exhibit pronounced calcein markers for identifying the onset of the experimental period. Linear extension of the perithallial skeleton through time across the experiment ranged from an average ( ± SE) of 8 ± 1.8 µm by the end of October 2019 to an average ( ± SE) of 63 ± 4.7 µm by the end of August 2020 (n = 60). The maximum algal extension observed across the experiment was 79 µm for an individual collected in August 2020, and the minimum was 3.5 µm for an individual collected in October 2019.



3.2.2 Growth rate modeling

Cumulative growth across the experiment was modeled using local regression (LOESS model with a span of 70%, Figure 6) in order to produce monthly-resolved estimates of cumulative average linear extension across the entire experimental period. This allowed for the computation of predicted average cumulative growth for sample time points missing from the dataset (e.g., March). Using the modeled predictions for each month, monthly linear extension rates (defined here as the vertical growth of the perithallial skeleton) were quantified by subtracting the previous growth period’s modeled cumulative extension and dividing this value by the number of days in each respective month. This method assumes equal growth per day throughout each month of growth. Average monthly growth rates for the month of September (outside of the study period), were estimated using the same approach as above, where a local regression model describing the growth rates through time from January through December allowed for the interpolation of Septembers growth as 0.32 µm day-1. This approach yielded modeled algal extension rates ranging from a maximum of 10.86 µm month-1 during August to a minimum of 1.73 µm month-1 µm during the month of November (Figure 7 and Table 2). Approximately 54% of the annual algal growth occurs in the summer interval of June through the end of September. A total of 21% of the growth occurs in the transition months of October and May, and 25% occurs during the cold and dark winter interval of November through April. Linear extension rates presented here represent vertical skeletal extension, not added individual calcified cells. However, assuming published mean cell lengths (Adey et al., 2013: mean winter cell lengths equal to 9 µm and mean summer cell lengths equal 12µm), the algae in Arctic Bay would have produce a total of six to seven cells across the experiment, with approximately two of these cells produced during the winter season.




Figure 7 | Modeled linear extension rate (µm/month) for each month (October 2019, through August 2020). Error bars indicate standard error on predicted algal linear extension rate computed using LOESS regression with a span of 0.7 or 70%.







4 Discussion


4.1 Annual algal growth

Cumulative growth across the experiment resulted in an average skeletal extension of 63 ± 4.7 µm from October 2019 through August 2020. Our modeling suggests that, including September’s estimated growth of 9.6 µm, Arctic Bay algae grew an average of approximately 72.5 µm in one year, which is consistent with previously observed Arctic Bay algal specimens ranging between 50 and 90 µm yr-1 (Adey et al., 2013; Halfar et al., 2013). Overall, growth rates indeed increase with both temperature and light energy throughout the year (see Figure S1). We posit that algal growth in the High Arctic is as limited by temperature as it is by light energy, although the weight of these factors influence growth disproportionately throughout the year, such that there exist two fundamentally different growing periods that are bracketed by two transition periods. Figure 8 illustrates the modeled growth rates of Arctic Bay algae from this experiment in relation to environmental variability of the incident light energy, temperature, and sea-ice thickness in the bay. There is an appreciable amount of growth that continues to occur through the cold and dark winter months. We define here a Summer Phase of algal growth as growth occurring during the months of June through September, the Winter Phase of algal growth occurring during the months of November through April, and two transition periods occurring during the months of May and October, as detailed below.




Figure 8 | Observed environmental variability and modeled algal growth rates through time (January – month 1 through December – month 12) at the experimental array in Arctic Bay, NU. (A) Incident light energy (µmol photon m-2 month-1), (B) Average monthly temperature (°C), (C) sea-ice thickness (cm), and (D) modeled algal growth rate (µm month-1).





4.2 Winter phase growth

Our results also provide the first in situ evidence that algal growth continues through the cold, dark sea-ice covered months, as predicted both by Halfar et al. (2013) work illustrating that Mg/Ca recorded in the skeleton of C. compactum is representative of the sea-ice covered -1.8°C waters that exist during the coldest and darkest months of the year, as well as the experimental work by Williams et al. (2018) showing that C. compactum growth continues for at least one month in complete darkness. This growth of C. compactum in the dark was previously linked to the utilization of starch stored in the perithallial tissue (Freiwald and Henrich, 1994; Williams et al., 2018). Here, we observe a sharp decline in growth rates from October through November (Figure 8), as shore-fast sea-ice develops, and as sunlight declines. However, we observe a continuation in growth rates during the Winter Phase across the following five to six months as darkness continues and temperatures continue to drop (Table 2 and Figures 8, 9). We hypothesize that this reflects the slow activation of stored starch nodules (photosynthate) deep in the perithallium (Figure 10; Williams et al., 2018). Although growth is occurring, it is significantly less than would be expected in the absence of sea-ice during this time, especially as the sunlight begins to return to Arctic Bay in February. Indeed, growth appears to slow acorss the months of January through February. However, looking closely only at the Winter Phase months (Table 2), a slight increase in light energy to the seafloor as the polar night ends (November – January) may also contribute to the steady increase in growth rates through time, even as temperatures continue to drop and sea-ice builds. While utilization of stored photosynthate from warm and bright summer months is likely the main driver of continued growth in the winter phase, it may be possible that light energy reaching the seafloor even before the sea-ice breakup could contribute to the onset of photosynthesis. This is especially evident for growth during the transition from the Winter Phase to the Summer Phase during the month of May, where temperature reaches its minimum, but incident light begins to increase slightly (Table 2).




Figure 9 | Average monthly temperature (°C) and incidence light energy (µmol photon m-2 month-1) trajectory for the Arctic Bay, NU experimental array colour and size indicate average modeled algal growth rate (µm month-1). Small inlay figure shows growth rates from November through the month of May. Black numbers beside each point also indicate average modeled algal growth rate (µm month-1).






Figure 10 | Schematic representation of algal growth and calcification.



Roberts et al. (2002) investigated two dominant Greenland crustose coralline red algae species that had compensation irradiances (the point at which photosynthetic activity exceeds respiration) of 0.7 – 1.8 µmol photons m-2 s-1. This type of light regime would only be possible in the months of June through October in Arctic Bay. Unfortunately, no reports of experimental growth and photosynthetic rates in such low light conditions for C. compactum are currently available, nor has the compensation irradiance for C. compactum been determined. Therefore, this hypothesis of low-light photosynthesis cannot be explicitly tested within the scope of this study and would require future experimental analysis of photosynthetic activity under low-light conditions, and the determination of C. compactum’s photosynthetic compensation point. Alternatively, some Arctic crustose coralline algae may have the capacity for dark CO2 fixation (Kremer, 1981; Freiwald and Henrich, 1994; Hofmann et al., 2018). If C. compactum can fix carbon independent of light availability, perhaps dark carbon fixation also contributes to continued calcification and linear extension through the winter months. Although outside the scope of this paper, dark fixation is another possible mechanism on which these High Arctic algae may rely for growth during long, dark winter months.



4.3 Summer phase growth

During the Summer Phase, algal growth is dictated by a combination of increased temperatures and light energy. We interpret the 12.6% increase (of total range) in algal growth rates between June and July as likely controlled by the marked increase in light energy, which totals 97.7% of the total light energy range observed (Figure 9). The marked increase in light energy far outweighs the increase in temperature during this period, which is only 39.8% of the total range. The growth rate increase of 11% of the total range from the month of July through August, where algal growth is highest, is likely controlled by the increase in temperature, which rose 53% of the total 5°C range even as light energy began to decline (Figure 9). Finally, growth rates decline from their maximum in August through the month of October, driven by similar declines in both light energy (by 69%) and temperature (by 62%) as the algae enter the Winter Phase, once again relying on built up stores of photosynthate acquired through the warm and bright Summer Phase (Figure 9).



4.4 Agreement with previous work

Overall, our observation of growth on a sub-annual scale agrees with the field work of Halfar et al. (2008), which shows that in the Gulf of Maine the relationship between seawater temperature and annual averages of δ18O in C. compactum are strongest for the months of June through September (indicating fastest growth in these months), are weaker in October through December and May, and are poor in the months of January through March. Importantly, we also observe continued growth through the darkest and coolest months of the year as predicted from experimental work (Williams et al., 2018) and archival work (e.g. Halfar et al., 2013). However, our work suggests that dark, winter growth does not entirely cease after one or two months of darkness as previously hypothesized, suggesting that either (a) photosynthetic activity and energy stores through the productive summer months are sufficient to sustain algal growth throughout the year, (b) low light levels to the seafloor reappearing after the polar night are enough to stimulate some photosynthetic activity, or some combination of (a) and (b). Further work evaluating calcification in the photosynthetically active epithallial layer and experimental work evaluating the evaluating photosynthesis under different low-light regimes and exposure lengths would further elucidate this alga’s capacity for growth in the High Arctic.



4.5 Implications

The use of algal growth band thickness as a proxy for reconstructing sea-ice extent in the High Arctic relies on the assumption that continued (appreciable) winter growth lasts only one to two months after the onset of sea-ice in each locality. The discrepancy in growth expected in the absence of sea-ice can clearly be seen when comparing algal growth rates across a latitudinal (temperature) gradient, where growth at higher latitude, cooler and sea-ice covered locations drops at a faster rate than predicted by temperature alone (Halfar et al., 2013). This difference in growth rates is referred to as the ‘sea-ice delta’ (Halfar et al., 2013; supporting information Figure S1). Our work, however, suggests that upwards of ~45% of annual algal growth occurs during the months of November through June when sea-ice covers or is present in Arctic Bay. Because archival work relies on algal growth anomalies and not absolute differences in growth band thickness between successive years, our findings suggest that one can still reliably reconstruct anomalous sea-ice variability using growth-band anomalies. However, the sensitivity of the growth band sea-ice proxy may vary geographically (locally) according to the length and extent of the sea-ice season. For instance, in regions further north (e.g., 80°N latitude) where the polar night is longer, there could be a lower overall contribution of winter growth, making the proxy more sensitive to sea-ice cover in this region.

Although geochemical analysis of the algal growth in these Arctic Bay specimens is outside the scope of this paper, investigation of the Mg/Ca composition of the calcified skeleton relative to the light and temperature regimes of Arctic Bay may provide further insight into the use of Mg/Ca in addition to growth banding thickness as a proxy for sea-ice extent. In addition to geochemical signatures, evaluation of calcification and growth at the cellular level may yield further insights into sub-annual growth of this Arctic alga, especially regarding sea-ice extent and cover, which may yield additional independent proxies of sea-ice extent as well.




5 Conclusion

Here we quantify the in situ growth of wild specimens of C. compactum at a near monthly temporal resolution throughout an annual cycle, describing growth rates of these algae under sea-ice covered oceans. Our results agree with previous findings that C. compactum growth continues in dark, cold, sea-ice covered waters. Although previous studies suggest that this growth only persists for a month or two, we show that these algae continue to grow throughout the entire winter sea-ice season, amassing roughly 25% of their annual skeleton in the winter (November-April) months and another ~21% during the transition months of May and October. Critically, we need to better understand the physiological processes that support this sustained algal growth in the absence of light, including the role that photosynthate stored in the deep perithallial skeleton plays in sustaining this growth during dark, winter months. We also observe increases in growth rates during the warm and high-insolation months in Arctic Bay, reflective of the impact that temperature and light availability have on the growth of this species of crustose coralline alga. How other environmental changes will impact algal growth in the High Arctic, associated with changing sea-ice extent and other environmental perturbations (e.g., salinity, pH, cloudiness, turbidity, pCO2, and bottom shear stress), while beyond the scope of this paper, are certainly important to advance our understanding of the future of these organisms. However, owing to its current geographic range (reaching southward to the Gulf of Maine) and thermal range (-1.8°C in the High Arctic to 12°C in the Gulf of Maine), it is feasible to consider a scenario in which the growth of C. compactum will be enhanced bylengthening of the growing season that results from warming waters and shorter sea-ice seasons, potentially increasing the abundance of C. compactum in the Arctic.
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Understanding how coralline algae may acclimatize to ocean warming is important to understand their survival over the coming century. Taking advantage of natural differences in temperature conditions between coastal areas in Sardinia (Italy) and between depths, the responses in terms of biological traits to warming of the crustose coralline alga Lithophyllum stictiforme, a key bioconstructor of coralligenous reefs in the Mediterranean, were evaluated in the field by two innovative transplant experiments where translocated specimens were used as controls. Results of the first experiment (algae cross transplanted between a cold and a warm site at two depths, 23 and 34 m) showed that the marginal growth of the alga and production of conceptacles were higher in the cold site, regardless of the treatment (transplant and translocation) and depth. However, growth in thickness in algae transferred from the cold to the warm site was higher at 34 m of depth, where they had a better performance than the local (translocated) algae. Results of the second experiment (algae transplanted from 34 m to 15 m of depth under different light irradiance manipulations) evidenced that the increase in temperature of +4°C was tolerated by thalli transplanted at 15 m, but that thallus growth and conceptacles production was negatively affected by the higher light irradiance. These results suggest an overall good adaptability of L. stictiforme under warmer conditions, even those due to thermocline deepening. Overall, these results encourage consideration of the use of transplants of this bioconstructor in future restoration actions of coralligenous habitats.




Keywords: adaptability, crustose coralline algae, field experiment, foundation species, irradiance, MHWs, ocean warming



Introduction

Climate variability is expected to increase as anthropogenic global warming continues, and climate models predict that temperature peaks such as marine heat waves (MHWs) will become more extreme, more frequent and more prolonged in time in many regions (Oliver et al., 2018; Smale et al., 2019; IPCC, 2021). Temperature affects organisms in several ways from the individual level (ecophysiology) to the population and species levels (changes in geographic distribution) (Poloczanska et al., 2013; Bruno et al., 2015; Scheffers et al., 2016; Gauzens et al., 2020). Ocean warming (OW) is altering important physical and structural features of many ecosystems (Hoegh-Guldberg and Poloczanska, 2017; Bruno et al., 2018; Smale et al., 2019) and is perceived as a major threat to key foundation species such as corals (Carpenter et al., 2008; Hughes et al., 2018; Kubicek et al., 2019), kelps (Assis et al., 2016; Wernberg et al., 2016), seagrasses (Marbà and Duarte, 2010; Thomson et al., 2015), and coralline algae (Ragazzola et al., 2012; Ordoñez et al., 2014; McCoy and Kamenos, 2015; Kim et al., 2020). The climate impacts are expressed at various levels of biological organization and often are due to changes in local or regional environmental conditions affecting biological processes such as reproduction and survival (Ådal et al., 2006). Species may respond differently to climate change because of a variety of factors, such as evolutionary history, species interactions, physiology, genetic structure, behavior, and habitat-mediated environmental effects on individuals (Etterson and Shaw, 2001; McCoy and Ragazzola, 2014; Hurd, 2015; Louthan and Morris, 2021). Local habitat conditions can mediate the effects of climate, so populations living in different habitats may exhibit different responses to global changes (Crozier et al., 2008).

Coralline algae (CA) are calcareous red algae, belonging to the orders Corallinales, Corallinapetrales, Hapalidiales and Sporolithales, widespread in the photic zone of rocky shores in both hemispheres (Steneck, 1986; Rindi et al., 2019; Schubert et al., 2020). Their morphological habits include encrusting forms (crustose coralline algae, CCA), free-living thalli (rhodolith-maerl) and geniculate articulated thalli; species with these morphologies occur both in intertidal and subtidal habitats and some act as important ecosystem engineers (Steneck, 1986; Nelson, 2009; Fragkopoulou et al., 2021). Some CCA, in particular, are important habitat builders, as their calcified thalli create and stabilize reefs and greatly increase benthic diversity by providing hard substrate for other organisms to settle on (Foster, 2001; Teichert, 2014). Bioconstructor CA are slow-growing and long-lived organisms and occur from the intertidal zone down to 270 m in the tropics, occurring commonly at all latitudes on modern carbonate shelves worldwide (Bosence, 1983; Littler and Littler, 1984; Nelson, 2009; Teichert et al., 2012; Foster et al., 2013). Many CA species are experiencing a loss of vitality (Blanfuné et al., 2016) and are considered highly vulnerable to long-term climate change (Cornwall et al., 2019; Rindi et al., 2019; Peña et al., 2021). Mineralogical changes have also been evidenced, as the Mg content in CA varies as a function of the sea water temperature (Halfar et al., 2008; Kamenos et al., 2008; Hetzinger et al., 2009; Ragazzola et al., 2020) which is believed to exert primary control by determining incorporation of Mg into the CA cell walls (Kamenos et al., 2008; Caragnano et al., 2014; Diaz-Pulido et al., 2014; Ragazzola et al., 2020).

CCA have occurred in the Mediterranean Sea for ∼140 My and are well-represented in the subsequent fossil record (Chatalov et al., 2015). Among the living taxa, species of the genus Lithophyllum (Corallinales) are key bioconstructors, greatly contributing to the formation of coralligenous concretions (Garrabou and Ballesteros, 2000; Ballesteros, 2006). Coralligenous reefs are the most important deep subtidal habitat in the Mediterranean and provide important ecosystem services, acting as hot spots of marine biodiversity (Ådal et al., 2006; Ballesteros, 2006; Piazzi and Ceccherelli, 2020), carbon sinks (Martin et al., 2014), and providing habitat for economically valuable species (Canals and Ballesteros, 1997; Ballesteros, 2006; Rindi et al., 2019). In coralligenous reefs, CCA constitute a secondary substrate which hosts highly diverse assemblages (Ballesteros, 2006). Spatial analyses of assemblages associated to CCA have evidenced biogeographical patterns (Piazzi et al., 2021), supporting the hypothesis that temperature is a key driver affecting the horizontal and vertical distribution of these communities (Ceccherelli et al., 2020; Pinna et al., 2021). On the contrary, little is known about the influence of temperature on CCA presence and distribution in the Mediterranean Sea, although several diseases referable to thermal effects have been reported (Hereu and Kersting, 2016) and a time-integrated thermogeographic model has been proposed by Adey and Steneck (2001) to demonstrate conditions under which CCA assemblages evolve biogeographic patterns in their distribution and abundance.

At present, only laboratory studies about vulnerability of CCA at increased greenhouse gas conditions have been conducted (Anthony et al., 2008; Martin and Gattuso, 2009; Rodríguez-Prieto, 2016; Vásquez-Elizondo and Enríquez, 2016; Martin and Hall-Spencer, 2017; Kim et al., 2020). Experiments performed on Lithophyllum species have investigated how warming affects growth, respiration, photosynthesis, calcification, and mineralogical responses (Martin and Gattuso, 2009; Martin et al., 2013a; Martin et al., 2013b; Nash et al., 2016; Rodríguez-Prieto, 2016). Thus, despite some knowledge on survival, growth rates and geochemistry of Lithophyllum, it is not yet clear how environmental changes translate into the distribution of Mediterranean populations. The need for further insights is also driven by the results of recent molecular studies (De Jode et al., 2019; Pezzolesi et al., 2019). Lithophyllum stictiforme (Areschoug) Hauck and Lithophyllum cabiochiae (Boudouresque & Verlaque) Athanasiadis, the two main species of the genus in coralligenous concretions, were recently shown to represent a striking case of cryptic diversity: although in the past most authors separated these species, recent treatments (Cormaci et al., 2017; Pezzolesi et al., 2019; Guiry and Guiry, 2022) consider L. cabiochiae and L. stictiforme conspecific. Both Pezzolesi et al. (2019) and De Jode et al. (2019) concluded that these entities belong to a complex of cryptic species, several of which have a geographic distribution seemingly restricted to a particular area or site (Rindi et al., 2019). Therefore, the need of a better knowledge of the biology of the L. stictiforme complex in relation to future scenarios is therefore more important and urgent than ever. Indeed, a better understanding of CCA responses to warming is critical to predict how CCA-based communities may change in response to global environmental changes.

Nowadays, there is a growing need of field experiments which may serve as a useful bridge between laboratory results and natural environmental processes (Chave, 2013). Taking advantage of natural differences in temperature conditions between coastal areas in Sardinia (Italy, Western Mediterranean, Pansini et al., 2021) and along depth gradients (Ceccherelli et al., 2020), we performed crossed transplants of L. stictiforme to examine the temperature effects in terms of mortality, growth, and reproductive structures for the first time in the field. Two experiments were conducted: in the first (between sites experiment), to evaluate the adaptability of the alga to a different thermal regime, we transplanted algae from a cold to a warmer site at two depths; in the second (between depths experiment), transplants were done within the same site from a deeper to a shallower depth under different light irradiance manipulations to evaluate the influence of the thermocline, which could be increasingly deeper and persistent due to global climate change effects (Cerrano et al., 2000; Collins et al., 2010). The main goal was to understand if L. stictiforme is adaptable to changes in thermal conditions and to distinguish the effects of light irradiance from temperature conditions on the algal performance. This species was chosen because it is the most common CCA in the coralligenous concretions considered and occurs throughout the Mediterranean region. The results provide pivotal information collected in the field on the biology of the alga, allowing us to forecast whether future changes in temperature will affect its performance and to propose hypotheses about performances at the population level for the future. Finally, these data may also contribute to draw up future guidelines for a restoration of coralligenous habitats by transplantation of this foundation species.



Materials and methods

The two manipulative experiments, between site experiment (BSE) and between depth experiment (BDE), were both conducted in Sardinia. The BSE was carried out from November 2020 to October 2021 on coralligenous reefs of two sites, Costa Paradiso (CP, 41°04’N, 08°57’E) and Capo Carbonara Marine Protected Area (CC, 39°05’N, 09°31’E, Figure 1), belonging to two different biogeographic regions (Coll et al., 2010; Piazzi et al., 2021). The BDE was done from June to November 2021 on the coralligenous reefs at the CP site.




Figure 1 | Map of the study sites: Costa Paradiso (CP) in blue = cold site and Capo Carbonara (CC) in red = warm site. Arrows indicate the translocated and transplanted treatments in the BSE.



Both sites are far from any anthropogenic sources of disturbance and are characterized by a high oligotrophy (Barisiello et al., 2002; Regione Autonoma della Sardegna, 2016). However, large differences in sea water temperature were evidenced between sites in the Sea Surface Temperature (SST) climatology, water stratification during the hot season in terms of duration, temperature intensity and variability, and MHWs occurrence (Ceccherelli et al., 2020). Probably due also to such differences, the coralligenous assemblages of the two sites have different geomorphological structures (Piazzi et al., 2021): in particular, CP, which is on average colder than CC, is characterized by massive bioconstructions from 15 m of depth, while in CC the same type of constructions is found only deeper than 30 m (Pinna et al., 2021).


Morphology and identification of the material used for the experiments

Due to the complex taxonomic nature of the L. stictiforme complex (De Jode et al., 2019; Pezzolesi et al., 2019), all possible care was taken to ensure that all specimens used in the experiments belonged to the same species. The specimens used in this study were identified as L. stictiforme based on the circumscription of this species provided by Pezzolesi et al. (2019). They consisted of lobed lamellae, often superimposed, up to 1.5 mm thick, with a smooth to undulate surface, violet to dark pink in colour (Figure S1). Using DNA sequence data, Pezzolesi et al. (2019) showed that specimens exhibiting this habit represent the genuine L. stictiforme and demonstrated that this species is widespread in the central Mediterranean. For this study it was not possible to sequence all specimens used in the experiments; however, DNA sequence data (partial psbA sequences) were obtained for a few representative specimens from CP, confirming the assignment to L. stictiforme (Caragnano and Rindi, unpublished data, Figure S2). These specimens have been kept and will be deposited in the phycological section of the Herbarium Anconitanum, Polytechninc University of Marche (ANC).



Sampling designs and experiment set up

In the BSE a cross-transplant experiment of L. stictiforme was performed between CP and CC maintaining the origin depth (i.e. 23 and 34 m). Based on temperature variations measured by Ceccherelli et al. (2020), CC has considerably warmer water than CP, and the rationale of the BSE relies on the fact that, at the same depth, the algae of the two sites can experience different temperatures for several months, at least from May to November (Ceccherelli et al., 2020). At each combination of site and depth, eight L. stictiforme thalli were fixed on an exposed horizontal substratum next to the coralligenous cliff: four transplanted from the other site (same depth) and four translocated (same site and same depth, sensu Chapman, 1986). The experimental design consisted of three factors (Figure 2): 1) Site, with two levels (cold=CP and warm=CC); 2) Depth, with two levels (23 and 34 m); 3) Treatment, with two levels (transplanted and translocated).




Figure 2 | Sampling design of the BSE. Site: CP, cold site; CC, warm site; Depth, 23 and 34 m; Treatment, TRP=transplant; TRL, translocation.



In the BDE, to evaluate the influence of warm water on 34 m depth algae simulating the effects of the near future deeper thermocline, and to disentangle the effects of irradiance from those of the temperature, four treatments were used by transplanting or translocating L. stictiforme thalli (4 replicated treatments) between two depths at CP site: 1) L. stictiforme was transplanted from 34 m to 15 m depth and placed in a natural cavity within the bioconstruction (L TRP=transplanted at low irradiance), so that the algae could experience the 34 m light irradiance but water temperature above the thermocline; 2) L. stictiforme was translocated at the same depth of origin (34 m, L TRL=translocated at low irradiance); 3) L. stictiforme was transplanted from 34 m to 15 m on a exposed substratum (H TRP=transplanted at high irradiance); 4) L. stictiforme was translocated at the same depth of origin (15 m, H TRL=translocated at high irradiance). The L TRP and L TRL treatments simulate the temperature and irradiance conditions that occur at 34 m of depth in the future and current scenario, respectively; the comparison between L TRP and H TRP algae allows disentangling the effect of temperature from light irradiance, while the comparison between the H TRL and H TRP treatments allows to assess the adaptability of algae from different depths to high temperature and high irradiance conditions.

For the setup of both experiments, healthy L. stictiforme (about 8 cm in diameter) with no signs of damage or bleaching were carefully collected (detaching their basal parts using hammer and chisel) by SCUBA diving (Figure 3A) and transported in insulated aquaria to the laboratory within one hour, where they were cleaned from epiphytes and rinsed with new seawater. Afterwards, they were placed in aquaria with oxygenators, kept at the temperature of their origin environment and stained using Alizarine-Red stain (Sigma-Aldrich, Steinheim, Germany) 0.25 g·l-1 for 24 h (Blake and Maggs, 2003; Rivera et al., 2004). The stained L. stictiforme thalli were transported to the receiving sites and glued with a two-component epoxy underwater filler (Sub Coat Veneziani) on granite tiles which were attached on horizontal substrates in the field (Figure 3A). Both CP and CC host extensive populations of healthy L. stictiforme occupying a relatively wide bathymetric range and the collection of the specimens used for the experiments did not compromise the vitality of the populations.




Figure 3 | Lithophyllum stictiforme: (A) thallus on tile; (B) embedded into epoxy resin mold; (C) thallus slice under the binocular (in green the marginal growth, in blue the growth in thickness and red a new conceptacle).



For both experiments, two data loggers (HOBO Pendant Temp/Light MX2202, Onset Computer Corporation, USA) per treatment were fixed to record water temperature and light irradiance (only for the BDE) during the whole experimental time. The loggers were checked and cleaned from epiphytes every two months.

At the end of the experimental period (12 months for BSE and 6 months for BDE), each thallus was recollected from the field and transported to the laboratory, where mortality was evaluated by visually inspecting the colour of the thallus surface. Thalli were considered dead when a total bleaching of the surface occurred, since the colour change does not indicate thallus deterioration, as the concentration of phycobilin can vary in relation to the light exposure. Then algae were rinsed with fresh water, air dried and individually embedded into epoxy resin mold (Kit EpoFix Struers; Figure 3B).



Data collection

From each thallus five slices (about 1 cm wide) were obtained using a circular rock saw, and each slice was polished using a machine with abrasive papers of different grain size (i.e. from 30 to 15 μm) on the longitudinal axes and photographed under the binocular. Then thallus marginal growth and growth in thickness were estimated on the images through ImageJ software (https://imageJ.nih.gov, Figure 3C) by measuring the thallus new portions from the Alizarine stain. A total of five measurements at equal distances (approximately 3 mm) were taken along the cross-section of each slice and averaged to obtain the growth in thickness measurements in each slice. Furthermore, in the portion of the alga grown during the experiment, the abundance of conceptacles was checked, and the number of conceptacles was calculated for each slice. Then, for both experiments, the marginal growth, growth in thickness and number of conceptacles of each slice were measured and averaged for each thallus. Each thallus was considered a replicate (Figure 3B).



Data analysis

In order to assess thermal differences between sites (CC and CP), two approaches were used: i) the daily temperature recorded by loggers was analyzed by a three-way permutational analysis of variance (PERMANOVA, Anderson, 2001) based on Euclidean distance using an orthogonal design where site (two levels), depth (two levels) and season (four levels) were fixed factors (n = 28); ii) SST data were used to describe MHWs in both sites according with Hobday et al. (2018); Hobday et al. (2016), using heatwaveR packages in R (Schlegel and Smit, 2018). The levels of the season factor (Autumn, Winter, Spring and Summer) were considered as meteorological seasons.

L. stictiforme thallus marginal growth and growth in thickness in the BSE were analysed by three-way univariate PERMANOVAs (a semiparametric test Anderson, 2001) based on Euclidean distance where site (CC and CP), depth (23 and 34 m), and treatment (TRL and TRP) were fixed orthogonal factors. In the BDE, the effects of treatments on the marginal growth were assessed by one-way PERMANOVA based on Euclidean distance where treatment (L TRL, L TRP, H TRP, and H TRL) was a fixed factor. PERMDISP (Anderson, 2006) was used to test the robustness of PERMANOVA analysis with respect to sample dispersion (Anderson et al., 2008) and a posteriori comparisons of means were done using Pair-Wise comparisons after PERMANOVAs (Anderson, 2001). PERMANOVAs and Pair-Wise tests were performed with PRIMER v7 software, while MHWs detection was performed in R software.




Results


Between sites experiment

Temperature data collected from loggers estimated the temperature differences between CP and CC at the two depths during the study period (Figure 4). Differences between sites in terms of annual average temperature were overall larger at 23 m (1.30°C) than at 34 m (0.68°C) of depth (Table 1). Significant differences in temperature were found between sites, depths, and seasons highlighting that CC site was significantly warmer than CP for half of the study period, even if the dispersion was not homogeneous (Table 2 and Figure 4).




Figure 4 | BSE: Daily temperature from November 2020 to October 2021 at the two sites (CP and CC), each depth (23 and 34 m from loggers). In black and grey SST (for CP and CC, respectively) from satellites. Winter, Spring, Summer and Autumn are considered as meteorological Seasons.




Table 1 | BSE: season and year (1 November 2020 - 31 October 2021) average water temperature of sea surface temperature (SST from satellites) and in situ (23 and 34 m of depth from loggers) at Costa Paradiso=CP and Capo Carbonara=CC.




Table 2 | BSE - temperature: results of PERMANOVA testing the effect of Site (CP and CC); Depth (23 and 34 m) and Season (Winter, Spring, Summer, and Autumn) and Pair-Wise tests on the interaction Depth x Site and Site x Season.



In addition, during the study period eight MHWs occurred at each of the sites, but not simultaneously: in CP two MHWs during the cooler period (Nov 2020-Apr 2021) and six during the warmer (May-Oct 2021), while in CC four MHWs in each of the periods. Overall, the highest MHW intensity category was recorded at CC during October 2021 (Figure S3).

All algae were found healthy at the end of the study and no mortality was recorded. The marginal growth of L. stictiforme was significantly higher in CP than in CC site, independently on the depth and treatment (Table 3 and Figure 5A). Growth in thickness of L. stictiforme thalli was influenced by the interaction of all conditions (site, depth, and treatment, Table 4): in particular, in the warm site (CC) thalli transplanted from the cold site (CP) had a better performance than the local (translocated) algae and had higher growth in thickness at 34 m of depth than at 23 m (Figure 5B). Moreover, differences between translocated thalli were also found at 34 m of depth (CP>CC) and in CC between depths (23>34 m, Figure 5B). The number of conceptacles was significantly higher in CP than in CC site, independently on the combination of the other factors (depth and treatment, Table 5 and Figure 5C).


Table 3 | BSE - L. stictiforme thallus marginal growth: results of PERMANOVA testing the effect of Site (CP vs CC), Depth (23 vs 34 m) and Treatment (transplant=TRP vs translocated=TRL).






Figure 5 | BSE: Average (+SE) L. stictiforme (A) marginal growth, (B) growth in thickness and (C) number of new conceptacles at the two sites (CP and CC), two depths (23 and 34 m), and between treatments (TRL, translocated and TRP, transplanted).




Table 4 | BSE - L. stictiforme growth in thickness: results of PERMANOVA testing the effect of Site (CP vs CC), Depth (23 vs 34 m) and Treatment (transplant=TRP vs translocated=TRL) and Pair – Wise tests on the interaction Site x Depth x Treatment.




Table 5 | BSE - L. stictiforme number of conceptacles: results of PERMANOVA testing the effect of Site (CP vs CC), Depth (23 vs 33 m) and Treatment (transplant=TRP vs translocated=TRL).





Between depths experiment

The temperature experienced by L. stictiforme at 15 m (L TRP, H TRP and H TRL) was warmer than at 34 m (L TRL) in terms of both maximum and average temperature, the difference being 2.08°C and 4.23°C, respectively (Figure 6A). Light irradiance between the L TRL and L TRP was similar, indicating that the natural cavity used for the experiment was adequate to reproduce the 34 m irradiance (the highest intensities recorded were 36.67 and 36.36 μmol m−2 s−1, for the two treatments, respectively), while irradiance levels at the exposed 15 m treatments (H TRL and H TRP) were much higher (highest intensity 160.49 μmol m−2 s−1, Figure 6B).




Figure 6 | BDE: Daily (A) seawater temperature and (B) irradiance from June to November 2021: conditions at 34 m of depth L TRL in blue, at 15 m L TRP in solid yellow and H TRL and H TRP in dotted yellow.



All algae appeared healthy for the whole study period of the BDE. A higher marginal growth and growth in thickness in L. stictiforme thalli was found at low light conditions (L TRL and L TRP) compared to the high irradiance treatments (H TRL and H TRP, Table 6 and Figures 7A, B), regardless the thallus origin (H TRP = H TRL, Figure 7B). Algae produced conceptacles only where irradiance condition was low, although the higher production occurred in the transplanted algae rather than the translocated (L TRP >L TRL, one-way PERMANOVA, F3,12 = 2.04, P= 0.148).


Table 6 | BDE - L. stictiforme marginal growth and growth in thickness: results of PERMANOVA testing the effect of treatment (L TRL, L TRP, H TRP, and H TRL).






Figure 7 | BDE: Average (+SE) L. stictiforme (A) marginal growth, (B) growth in thickness, and (C) number of conceptacles at the four treatments (L TRL, translocated at low irradiance; L TRP, transplanted at low irradiance; H TRP, transplanted at high irradiance and H TRL, translocated at high irradiance). Blue refers to cold and yellow to warm conditions.






Discussion

This is the first study that provides in situ data on the performance of an important bioconstructor of Mediterranean coralligenous reefs by examining the responses of the red crustose alga L. stictiforme to different temperature and light conditions. First, it was shown that L. stictiforme mainly exhibits marginal growth rather than increase in thickness, confirming that this species invests in lateral expansion of thalli, although important differences both in growth and in conceptacles production between sites were evidenced in the BSE. Both thallus growth and number of conceptacles of L. stictiforme had a better performance at the cold site (CP). Differences between treatments were only found at CC 34 m of depth where thalli of CP origin had a higher growth in thickness than the local thalli. At the warmer CC site, a higher thickening was also recorded at 23 m in translocated thalli and at 34 m of depth in the transplanted thalli. Overall, the growth values found in the present study for L. stictiforme exceed those reported in the literature for specimens of CCA, probably referable to the same species, although direct comparison should not be done as the units of measurement and methods differ between the experiments. However, Garrabou and Ballesteros (2000) found a maximum growth of 1.96 mm2 and 0.87 mm2 month-1for Mesophyllum alternans and Lithophyllum frondosum, respectively, while concerning the growth in thickness for both species, a thickening in the order of μm was observed. Similarly, Basso and Rodondi (2007) also found growth values in the same order of measurement (i.e. μm).

The treatments provided several interesting insights. In BSE, the marginal growth and the production of new conceptacles of L. stictiforme were significantly higher in the colder site than in the warmer one, independently on the depth and treatment. The influence of the site factor showed that although there were no significant differences between treatments, the marginal growth and number of conceptacles of the transplanted thalli were consistent with the thalli of the transplant sites, suggesting that the performance of the transplanted thalli may be comparable to those of the controls in both directions. Conversely, a higher increase in thickness was observed in the deeper CP algae (34 m) compared to the controls. Therefore, the conditions experienced at the warm site were not only tolerated, but the performance indicates good adaptability of the CP specimens to the warmer environment. This is particularly relevant in the context of ocean warming and the sensitivity of L. stictiforme to this stressor. The fact that a higher thickness of CP algae seemed promoted by the warmer conditions only at the deeper CC areas opens several scenarios. First, at the CC site the high light irradiance at 23 m could disadvantage the growth promoted by the warm temperature and algae at 34 m of depth could benefit from a darker environment: in fact, evidence gained by a laboratory experiment on this species supported the interacting effect of temperature and irradiance, providing information about the importance of levels for each of the two factors to make accurate predictions on their effects (Rodríguez-Prieto, 2016). However, comparing the conditions that the algae experienced in the field during the BSE with those set in the laboratory experiments can be misleading because the real natural variability cannot be reproduced in aquaria and because the specimens used in Rodríguez-Prieto’s study were collected in Catalonia (eastern Spain). Although probably belonging to the same species, they may be adapted to different local conditions compared to the CP specimens. On the other hand, differences between TRP and TRL at the two depths in CC could be attributed to different adaptations of the CP algae (23 m vs 34 m) and therefore to different performance thresholds. In order to interpret whether the different performance (growth in thickness) of the CP algae in the BSE depended on temperature and irradiance conditions, the data collected should be integrated by testing the two factors on the algal performance across gradients likely using respiration chambers with different sensors such as dissolved oxygen and temperature, to measure metabolic rates (e.g. Anton et al., 2020): much of the experimental evidence gained in laboratory on L. stictiforme (or L. cabiochae) is not based on gradients, but only on increases of 3°C over the ambient temperature (Martin and Gattuso, 2009; Diaz-Pulido et al., 2012; Martin et al., 2013a; Martin et al., 2013b; Nash et al., 2016), because they tested hypotheses derived from modeling predictions for the end of the century (IPCC, 2019).

Results obtained from the BDE have provided solid evidence that the 15 m temperature during summer and autumn (warm) was tolerated by the 34 m algae at both irradiance conditions (L TRP compared to L TRL). The comparison between H TRP and L TRP allowed disentangling the temperature from the irradiance effect, as the 15 m irradiance had a negative effect on the L. stictiforme performance, regardless of the origin (H TRP = H TRL) of the algae. In particular, the most affected trait was the formation of reproductive structures since no new conceptacles were detected at the end of experiment in the light exposed thalli (H TRP and H TRL). Accordingly, Rodríguez-Prieto (2016) highlighted that irradiance was the most limiting factor when compared with temperature. Furthermore, it is noteworthy that no trade-off has been found on the growth and formation of conceptacles. In fact, no significant differences between L TRL and L TRP were found in all variables considered. A possible explanation is that all the considered response variables depend on the same calcification dynamics and L TRP conditions were too harsh for L. stictiforme tolerance thresholds. By fact, such insights suggest the hypothesis that future deepening of the thermocline (Hoegh-Guldberg and Bruno, 2010) can possibly have no effect on the marginal growth of the algae and the conceptacle formation, even though growth in thickness will not be affected. This fact would disagree with the theory that marginal growth and growth in thickness are the result of a trade-off in CCA (Dethier and Steneck, 2001), probably as a result of energetic constraints and biotic interactions effects that incur different maintenance costs (McCoy and Ragazzola, 2014; Legrand et al., 2019). Our results also provide evidence that L. stictiforme may be more resistant to the effects of OW than widely believed. Nevertheless, as thick CCA such as L. stictiforme are foundation species, their adaptability to warming could also favor the future establishment of other species of the coralligenous reefs due to an increase in substrate availability. In this context the fact that conceptacles of L. stictiforme were produced in the warmer conditions (L TRP) supports the expectation that even sexual reproduction will be valuable in the future warming, even if at the moment it is unknown whether abundance of conceptacles reflects both their reproductive strategy (spores or gametes) and their effectiveness.

Interestingly, comparing the performance of algae across the two experiments for the deepest bathymetry in the CP site (the marginal growth was 6.31 mm ± 0.8 in 12 months, i.e. 0.53 mm per month-1 in the BSE, and 3.42 ± 0.19 in 6 months, i.e. 0.57 mm month-1 in the BDE), no seasonal growth pattern is suggested. This result would not be in accordance with Martin et al. (2013a), who obtained a higher growth rate in the hot seasonal period (in L TRL in the BDE). Therefore, further information is needed to estimate the seasonal performance of this species, even because some contrasting evidence was provided by the BSE and BDE for the growth in thickness (0.42 mm and 0.31 mm on average in the 12 months and in the hot 6 months, respectively), supporting the theory that the performance of L. stictiforme depends on complex mechanisms.

The healthy status and survival of the manipulated specimens in the BSE and BDE are overall quite unexpected and encouraging in the warming scenario: studies focusing on temperate (Martin and Gattuso, 2009) and tropical CCA (Anthony et al., 2008; Diaz-Pulido et al., 2012) highlighted that 3°C over the ambient temperature have a negative effect, especially for the tropical ones, as they live close to their thermal limit (Pörtner, 2010), while in the present study all algae were found alive and healthy, including those that were exposed for 6 months to 4°C above the control condition (BDE). This wide tolerance of temperature variation, especially to the combination + 4°C plus MHWs is particularly noteworthy for a deep subtidal species, especially for specimens distributed under the thermocline depth (such as the 34 m L. stictiforme), as it would rather be expected for macroalgae living in much more variable conditions, such as in intertidal habitats (Pakker et al., 1995). Overall, although evidence will need to be corroborated with other field experiments, the adaptability of L. stictiforme here highlighted between sites and depths is encouraging even in relation to the possible use of transplants of this bioconstructor for future restoration actions.

Finally, as general point concerning all ecological and physiological studies on Mediterranean corallines, we stress the critical importance of a correct identification of the material used in the experiments. The identification should be confirmed using DNA sequence data, particularly when dealing with taxa for which the existence of cryptic species is known (Twist et al., 2020). The use of specimens belonging to different cryptic species might lead to ambiguous results that may potentially result into wrong conclusions and interpretations. In the case of this study, budget limitations allowed us to sequence only two specimens. However, their psbA sequences confirmed the morphology-based identification (Figure S2). Given the general morphological uniformity of the specimens used in our experiments, we believe that they all belong to Lithophyllum stictiforme and that the possibility of the occurrence of additional cryptic species is very remote. We acknowledge, however, that we cannot exclude this possibility with absolute certainty. In theory, one or more of the cryptic species discovered by De Jode et al. (2019) might have been present. In consideration of this, we recommend that all future studies on the physiology and responses to climate change of Mediterranean Lithophyllum should include DNA sequence data, at least for a part of the specimens used in the experiments.
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Sample Transect Observer ID & corresponding age determinations (yrs) Range (yrs) Crossdated age (yrs)

#1 #2 #3 #4

Step 1 2 1 109 95 113 107 18 102
2 135 109 182 105 30 120

15 1 134 72 101 17 62 74

2 92 64 81 74 28 75

Step 2 2 1 109 96 1 15 102
2 134 112 130 22 120

15 1 100 76 78 24 74

2 91 72 75 19 75

Step 3 2 1 105 96 110 103 14 102
2 125 110 129 118 19 120

15 1 76 69 7 8 74

2 82 68 74 14 75

*An incomplete timeseries (only 1 laser ablation path per transect) for sample 15 was used for the inter-observer study owing to the shorter length.
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Modeled Perithallial Extension = Cumulative Growth Mean Average Incident Light

Temperature
um/day um/month pm (°C) (umol photon m-2 month-1)

Winter Phase

November 0.06 1.74 1.74 -1.52 1.91E+05

December 0.08 245 4.19 -1.72 2.65E+01

January 0.1 3.01 72 -1.74 0.00E+00

February 0.1 3.02 1021 -1.76 1.81E+04

March 0.11 3.44 13.65 -1.78 1.25E+05

April 0.15 4.47 18.12 -18 1.78E+05
Summer Phase

May 0.23 7.13 2525 -1.81 3.50E+05

June 0.29 8.76 34,01 -1.43 2.08E+06

July 0.32 9.89 439 0.57 9.37E+07

August 0.35 10.85 54.75 32 7.26E+07

September* 0.32 9.56 6431 292 3.14E+07

October 0.26 8.15 7247 0.1 7.59E+06

*Estimate using LOESS growth model.
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ISFA IMUFA ZPUFA Zo3 206 P/S DHA/EPA

Component N % (+ SD) % (+ SD) % (+ SD) % (= SD) % (= SD) Mean (= SD) Mean ( SD)
Animal

A. rubens (1) 3 11.6 (3.4) 24.0(1.2) 63.2 (4.0) 39.4(5.0) 22.4 (6.9) 5.9 (2.4) 02(0.1)
H. arctica (1) 3 24.6 (0. 9) 27.6(3.8) 45.7 (4.5) 37.5(5.8) 5.2(1.6) 1.9(0.2) 05(0.0)
Nereis spp. (I 3 18.6 (0.4 22 (2.7) 58.2 (2.9) 40.9 (6.0) 11138 3.1(0.2) 0.0(0.0)
0. aculeata () 3 26.8 (12. 7) 246 (3.3) 47.8(10.8) 34.4(7.4) 4.2(0.7) 2.1(1.29) 0.0(0.0)
S. droebachiensis () 2 16.6 (1.1) 16.8 (1.5) 65.2 (3.0) 36.7 (4.4) 20.8(0.6) 39(0.5) 0.1(0.0)
Tonicella spp. (1) 3 19.4 (4.0) 30.3(3.8) 439(0.2) 33.4(02) 10.6 (4.4) 2.3(0.5) 0.0(0.0)
Mean 19.8(7.2) 247 (4.8) 53.3(9.7) 37.1(6.3) 11.9(7.8) 32(1.8 0.1(0.2)
Macroalgal

L. digitata (O) 2 237 (1.7) 17.2(0.3) 56.7 (2.2) 29.7 (1.4) 105 (0.4) 2.4(0.3) 0(0)

L. glaciale () N/A N/A N/A N/A N/A N/A N/A N/A
Mean 237 (1.7) 17.2(0.3) 56.7 (2.2) 29.7 (1.4) 105 (0.4) 2.4(0.3) 000)
Environmental

Seawater (O) 3 41.6 (5.4) 37.9(12.1) 20.2 (17.6) 2.6(1.1) 6.3(0.3) 0.5 (0.5) 0.9 (0.1)
Sediment () 3 242 (2.8) 42.5 (3.4) 25.8 (4.9) 13.0(3.3) 6.6 (0.9) 1.1(0.3) 0.2(0.1)
Mean 32.9(10.3) 402 (8.3 23.0 (12.0) 7.8 (6.1) 6.4 (0.6) 0.8(0.5) 0.5 (0.4)
N/A Data not available.

Each variable’s lowest and highest values are bolded.
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Dry weight Carbon Dry weight Nitrogen TP

Component N mg (+ SD) §13C (= SD) N mg (= SD) 815N (= SD)

Animal

A. rubens () 3 1.3(0.2) -18.9(0.9) 3 1.4 (0.0) 11.0 (0.3) 32
H. arctica (1) 3 1.1(0.1) -20.0 (0.4) 3 1.3(0.2) 6.3(0.0) 19

Nereis spp. () 2 13(0.2) -22.5(0.1) 7 N/A N/A N/A
0. aculeata () 3 12(0.2) -19.9(0.3) 3 1.3(0.1) 8.9(0.6) 26

S. droebachiensis () 3 12(0.1) -19.8(1.4) 2 12(02) 10.0 (0.9) 29

Tonicella spp. (1) 3 1.1(0.0) -19.3(0.3) 3 12(0.2) 9.7 (0.3) 29

Mean 12(0.1) -199(1.2) 1.3(0.1) 9.1(1.7)

Macroalgal

L. digitata (O) 3 1.1(0.2) -21.0(0.5) 3 4.5(0.4) 3.4(0.2) 1.0
L. glaciale () 1 11 -18.9 3 4402 7.3(02) 2.1

Mean 1.1(0.1) 2205 (1.1) 4.4(03) 5.4(2.1)

Environmental

Seawater (O) 3 6.5(0.4) -26.6 (0.1) 3 9.0(0.8) 7.0(0.5) 20
Sediment () 3 142 0.1) 223(0.2) 3 14.4(0.4) 6.3(0.2) 18
Mean 10.4 (4.2) 24.4(2.3) 11.7 (3.0) 6.6 (0.5)

N/A Data not available.
Trophic position is based on an isotopic model with a AN fractionation factor of 3.4%. (see section 2.8). Each variable’s lowest and highest values are bolded. Nereis spp. was not
included in the N analysis because of insufficient tissues for quantification.
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Significant differences (p < 0.05) are indicated in bold.

Treatment

HT

2HT

Control

F p-value
6.17 <0.0001
214 0.0602
0.90 0.5300
1.24 0.3097
3.77 0.0033
0.75 0.6477

5.76
5.50
41.03
25.98
8.08
41.33

p-value

0.0001
0.0002
<0.0001
<0.0001
<0.0001
<0.0001
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8.29
18.86
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26.59
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Phylum/species

Mean ( = SE) density

(individuals kg™ rhodoliths)

Annelida
Myaxicola spp.
Nerididae (including Nereis spp.)
Potamilla reniformis
Arthropoda
Amphipoda
Cancer irroratus
Pandalus borealis
Echinodermata
Asterias rubens
Ophiopholis aculeata
Ophiura robusta
Strongylocentrotus droebachiensis
Mollusca
Hiatella arctica
Lacuna vincta
Margarites costalis
Modiolus
Moelleria costulata
Puncturella noachina
Tonicella spp.
Turbonilla spp.
Velutina velutina
Nemertea
Sipuncula

759 (8.3)
8.9 (4.7)
21.7 (4.7)
30.0(10.3)

72.8 (13.1)
34.1 (12.4)
1.8(1.0)
36.9(7.5)

452.7 (47.0)
19.7 (4.1)
336.7 (30.8)
72.7 (13.8)
22.8(3.7)

427.6 (39.6)
152.8 (23.2)
1.8(1.0)
15.8(3.6)
14.7 (35)
8.6(3.0)
21.2(5.4)
1916 (27.2)
34(23)
2.4(1.5)

19.3 (5.5)

5.8 (5.3)

Each phylum’s total abundance (bolded values) includes cryptofauna not identified to

the genus level.
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Wet Weight

Component N g(=SD)
Animal

A. rubens (1) 3 1.0(0.2)
H. arctica (I) 3 1.1(0.3)
Nereis spp. (I) 3 0.9(0.2)
O. aculeata (I) 3 1.3(0.1)
S. droebachiensis (I 2, 1.0(0.2)
Tonicella spp. (I) 3 0.7 (0.1)
Mean 1.0(0.2)
Macroalgal

L. digitata (O) 2 1.6(0.5)
L. glaciale ()) N/A N/A
Mean 1.6(0.5)
Environmental

Seawater (O) 3 0.1(0)
Sediment (1) 3 6.6 (0.9)
Mean 3.3(3.7)
N/A Data not available.

Each variable’s lowest and highest values are bolded.

Total Lipid

mg g”' ww (+SD)

85(2.2)
9.2(3.6)
6.0(1.9)
13.2(3.7)
10.6 (11.0)
6.7(1.6)
89(4.2)

1.3(0.9)
N/A
1.3(0.9)

4.4 (1.1)
0.6 (0.5)
1.52.1)

PL

% (= SD)

759 (5.2)
45.3 (11.2)
63.3 (10.0)
47.8(2.6)
60.8(3.2)
492 (8.4)
56.8 (13.1)

49.3 (4.9)
N/A
49.3 (4.9)

49.7 9.9)
52.7 (45.7)
51.2 (29.6)

TAG

% (+SD)

1.9(1.5)
34.4(13.9)
39(5.7)
25.1(6.3)
6.0(4.7)
289 (2.6)
17.3(14.9)

000
N/A
0(0)

0(0)
15.6 (21.9)
7.8(16.3)

FFA

% (= SD)

1.5 (2.0)
5.1(1.3)
59 2.1)
5.5 (4.6)

31.2(3.1)
4.6 (4.0)
17.9(14.9)

ST

% (= SD)

9.8(2.7)
75(15)
19.2 (4.7)
5.7 (5.0)
14.9 (12.0)
10.0 (2.6)
11.0(6.3)

16.2 (2.8)
N/A
16.2 (2.8)

109(1.7)
6.0(3.7)
84(3.8)

AMPL

% (= SD)

86(2.6)
5.4(0.1)
5.0 (3.5)
11.3(7.3)
16.6 (4.3)
73(4.2)
86(5.1)

32.7(7.2)
N/A
32.7(7.2)

7.0(12.2)
13.4 (16.5)
10.2 (13.4)

0.1(0.2)
N/A
0.1(0.2)

0
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tTrimethyltridecanoic acid.
Five animal species, two macroalgal species, and two environmental components (see
Table 1 for species list) sampled in the South site (see Figure 1A) were included in the
analysis. Nereis spp. was not included because of insufficient tissues for quantification.

Only FA with a statistically significant correlation coefficient (r) are shown.
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1. Sporangial compartments

1. Multiporate sporangial conceptacles

1. Uniporate sporangial conceptacles

Sporolithales

1. Few sporangial cavities per sori

2. Sporangial compartments 65-75 um in height

3. Ovoid sporangial cavities in section; diameter = 40-50 um, high = 70-75
um

3. Sporangial cavities in nemathecium-like protruding sori

3. Rectangular sporangial cavities in section; 65-70 um in height

1. Numerous sporangial cavities per sori

4. Sporangial cavities rectangular in section and narrow; diameter = 40-50
um, high = 70-90 um

Hapalidiales

1. Thallus dimerous

1. Thallus monomerous

2. Warty to fruticose thalli

3. Rectangular sporangial conceptacles in section

3. Large rectangular-polygonal cells with no lateral alignment of cells in
adjacent filaments; thick cell walls

3. Non-protruding, flat sporangial conceptacles (up to 760 um in diameter
and 100 um in height).

3. Regularly zonate thallus; slightly protruding sporangial conceptacles <200
um in diameter

3. Regularly-irregularly zonate thallus; sporangial conceptacles > 400 um with
high pore canals.

3. Non-zonate thallus; slightly protruding sporangial conceptacles 200 pum-
260 um in diameter

3. Groups of protruding sporangial conceptacles piled up in warts

2. Thin encrusting thalli

4. Protruding sporangial conceptacles isolated in the thallus

4. Protruding sporangial conceptacles >400 pum in diameter

4. Sporangial conceptacles 200-400 um in diameter

4. Sporangial conceptacles < 200 um in diameter

Corallinales

1. Geniculate thallus

2. Palisade-like medullar cells; medullar region made up to 13 tiers of cells
2. Sporangial conceptacle in a terminal position in the intergeniculum

2. Sporangial conceptacle surrounded by lateral branches

2. Sporangial conceptacle in lateral position

1. Non-geniculate thallus

3. Thallus dimerous

4. Ventral layer of polygonal-irregular cell filaments

4. Ventral layer of quadrangular cells

4. Large, rectangular ventral palisade cell filaments; small dorsal cells

4. Single layer of rectangular-quadrangular, non-palisade ventral cells with
small, cap-like epithallial cells

3. Thallus monomerous

5. Isobilateral organization of the ventral filaments

5. Plumose ventral core

6. Encrusting thalli

6. Warty and fruticose thalli

7. Highly protruding sporangial conceptacles with eccentric, large pore canal
7. Slightly protruding sporangial conceptacle

Sporolithales
Hapalidiales
Corallinales

2
3
Sporolithon cf. oulianovii Pfender 1926

Sporolithon sp. 1

Sporolithon brevium (Me.Lemoine) Jul.Aguirre & J.C.Braga 1998/S. airoldii (Fravega)

Vannucci, Quaranta & Basso 2010
4
Sporolithon lugeonii (Pfender) Ghosh and Maithy 1996

Melobesia sp.

2

3

Lithothamnion camarasae Pfender 1926
Lithothamnion cf. corallinaeforme Me.Lemoine, 1924

Lithothamnion concretum M.Howe, 1919a
Lithothamnion cf. exuberans Mastrorilli, 1967
Lithothamnion vaughani M.Howe, 1919b
Lithothamnion sp. 1

Lithothamnion sp. 2

4

Lithothamnion crispithallus J.H.Johnson, 1957
Lithothamnion sp. 3

Lithothamnion sp. 5

Lithothamnion sp. 4

2

Jania nummulitica Me.Lemoine, 1928

Geniculate sp. 1, cf. Corallina prisca J.H.Johnson, 1957
Geniculate sp. 2

Geniculate sp. 3

3

4

Karpathia sphaerocellulosa Maslov 1962

Hydrolithon lemoineii (Miranda) Jul.Aguirre, J.C.Braga, Bassi 2011
Lithoporella melobesioides (Foslie) Foslie 1909
Lithoporella minus J.H.Johnson, 1964

5

Distichoplax biserialis Dietrich 1927
6

Spongites sp. 3

i

Spongites sp. 1

Spongites sp. 2
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Marginal growth Growth in thickness

Source of variation Df MS F-value P-value P (Perm) PERMDISP MS Pseudo-F P (perm)

Treatment 3 107
Residuals 12 03

L TRL > H TRP
L TRL > H TRL
L TRP > H TRP
L TRP > H TRL
L TRL = L TRP
H TRP = H TRL

Significant P-value are in bold.

315 0.001 0.624 0.054 629 0.001
0.001
Pair - Wise tests

L TRL > H TRP
L TRL > H TRL
L TRP > H TRP
L TRP > H TRL
L TRL = L TRP

H TRP > H TRL

P (Perm) PERMDISP

0.794
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Source of variation

Site 1
Depth 1
Treatment 1
Sx D 1
SxT 1
DxT 1
SxDxT 1
Residuals 24

Significant P-value are in bold.

Pseudo-F
528 10.26
3.13¢-02 6.07¢-02
1.25¢-03 2.43-03
045 0.87
136 2.64
0.06 0.12
028 0.54

0.51

P (perm)

0.006
0.804
0.918
0.378
0.126
0.734
0.473

P (Perm) PERMDISP

0.016
0.506
0.067
0.112
0.017
0.257
0.481
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Source of variation

Site = S

Depth = D
Treatment = T
Sx D

SxT

DxT
SxDxT
Residual

(i) Site x Depth

CP34: TRL = TRP
CC34: TRL < TRP
CP23: TRL = TRP
CC23: TRL = TRP

Significant P-value are in bold.

24

0.0161

5.6e-06
1.2e-06
2.8e-04
0.0220
0.0379
0.0019
0.0044

F- value

3.66
1.28e-03
2.74e-04
6.52e-02

5.00

8.62

4.37

P- value

0.059
0.971
0.983
0.811
0.035
0.006
0.047

Pair - Wise tests on the interaction Site x Depth x Treatment

(ii) Site x Treatment
CP TRL: 23 = 34
CC TRL: 23 > 34
CP TRP: 23 = 34
CC TRP: 23 < 34

(iii) Depth x Treatment
23TRL: CP = CC
23TRP: CP > CC
34TRL: CP > CC
34TRP: CP = CCr>

P(Perm)PERMDISP

0.544
0.441
0.634
0.546
0.698
0418
0.435
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Source of variation Df MS F-value P- value P (Perm) PERMDISP

Site = S 1 15.78 11.99 0.001 0.425
Depth = D 1 541 4.11 0.054 0.069
Treatment = T 1 535 4.06 0.062 0.551
SxD 1 4.16 3.16 0.084 0.114
SxT 1 0.53 0.41 0.555 0.527
DxT 1 145 L11 0.329 0.369
SxDxT 1 0.02 0.02 0.880 0.480
Residual 24 131

Significant P-value are in bold.
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Source of variation

Site = S

Depth = D

Season = Se

SxD

S x Se

D x Se

Sx D xSe

Residual

Depth x Season

23 m winter
spring
summer
autumn

34 m winter
spring
summer
autumn

Significant P-value are in bold.

w oW oW

1236

CP<CC
CP =CC
CP<CC
CP =CC
CP =CC
CP =CC
CP<CC
CP <CC

2549
480.7
2365.7
135
163.5
101.4
12.8
37

Pseudo-F

68.0
1282
631.1

36

43.6

27.1
34

Pair - Wise tests

P (perm)

Ccp

cc

0.001
0.001
0.001
0.067
0.001
0.001
0.018

perms

998
997
999
995
997
999
998

Site x Season
winter
spring
summer
autumn
winter
spring
summer

autumn

P (Perm) Permdisp

0.001
0.001
0.001
0.001
0.001
0.001
0.001

23=34
23=34
23>34
23>34
23>34
23=34
23>34
23>34
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Sample Intra-sample variability Inter-sample variability sic
relationship
IsC Overlapping ISsC Overlapping ISC of all Correlation R-
R-values length (yrs) R-values (n=2) length (yrs) transects values
(n=6)
15 4

Mg/Ca-visual method

2 0.510 98* -0.054 -0.019 98 0.150 -0.60
p<0.00001

15 0.439 133 -0.085 133
p<0.00001

a1 0.628 137
p<0.00001

Visual method

2 0.434 101 -0.110 -0.051 101 0.133 -0.4
p<0.00001

15 0.556 1 -0.163 1
p<0.00001

) 0.445 149
p<0.00001

Crossdating method (growth)

2 0.604 1027+ 0.419 0.272 101 (2-15) 05921 -0.71
p<0.00001 102 (2-41)

15 0.703 135 0.543 135
p<0.00001

Zal 0.749 141
p<0.00001

Crossdating method (Mg/Ca maxima)

2 0.549 102+ 0.154 0.1058 101 (2-15) 0.35* -0.685
p<0.00001 102 (2-41)

15 0.403 135 0.299 135
p<0.00001

Zal 0.320 141
p=0.0001

Because COFECHA has difficulty reading timeseries with gaps, when calculating intra-sample ISC and ISC for all transects, the values for the missing increments were interpolated as the

average of the previous and following increments bordering the missing increment. *Mean sensitivity of 0.361. *Mean sensitivity of 0.074.

Intra- and inter-sample inter-series correlations are also provided for crossdated annual Mg/Ca maxima. Correlations with sea ice records (75 km? resolution — NSIDC) are with averaged
anomalies of C. compactum measurement timeseries (calculated for 1979-2015 period). For COFECHA outputs of inter-series of all transects (n=6), longer transects within samples were
shorted to be the same length as the shorter transect. Number of asterisks () indicates the number of possible locally absent rings, however, all years are covered by at least one transect

per sample.
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Source material

Bivalves

Trees

Fish otoliths

Coralline algae

Species

Arctica Islandica
Geoduck clams
Douglas-fir
Western hemlock
Pinus sylvestris

Larix decidua & Pinus cembra L.

Pinus ponderosa
Abies procera
Picea glauca
Yelloweye rockfish
Splitnose rockfish
C. compactum

Isc

~0.4-0.6
0.735
0.48 - 0.65
0.35-0.43
0.4-0.42
0.47
0.55
0.65
0.50-0.62
0.54-0.68
0.52
0.592

Reference:

(Butler et al., 2009)
(Black et al., 2008b)
(Black et al., 2010)

(Kirchhefer, 2001)

(Blntgen et al., 2005)

(Pohl et al., 2013)

Referenced in (Black et al., 2008a)
(Porter et al., 2013)

(Black et al., 2008a)

(Black et al., 2005)

This study
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Result Details

Source Ss df Ms
Between-treatments 16403.1003 3 5467.7001 F = 883.45002
Within-treatments 717.9277 116 6.189 P < 0.00001
Total 17121.0279 119
Pairwise Comparisons HSDgs = 1.6744 Qs = 3.6864 Q01 = 4.5003
HSD o1 = 2.0441
Ty:To M, = 2.56 0.55 p=0.82725
M, = 3.11
TiTs M, =256 035 p=094775
M; = 2.91
T1:Ta My =2.56 27.30 p = 0.00001
M, = 29.86
To:Ts Mz =3.11 0.20 p = 0.98949
Mz =291
ToTa M, =3.11 26.75 p = 0.00001
M, = 29.86
TsTa Mg =2.91 26.95 p = 0.00001
M, = 29.86

T1 = 4 celis stage (cell walll: T2 = 4 cells stage (central part of the cell; T3 = 16 cells stage (central part of the cell): T4 = 16 cells stage (cell wall).
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Parameter

pH

Salinity (ppm)

Temperature (°C)

Total Alkalinity (Lmmol.Kg™")
Ca (ppm)

Mg (ppm)

Mg/Ca ratio

Q calcite

Natural Seawater (Vermelha Beach)

8.05 +0.21
37.52 +0.11
20.33 +0.11

2585.11 £ 57.79
416+5

1230 £ 20
2.963 £ 0.01

5.28 + 0.32

Artificial Seawater (Aquarium)

8.08 £0.17
37.50 + 0.15
20.37 +0.12
2576.34 + 5.65
4171 £ 4.08
1238.57 + 16.3
2.969 + 0.01

5.15 £ 0.12
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Species Location Coordinates Depth Kq (m™) Light availability (% of surface Temperature Sampling

(m) irradiance) (°C) period
Cold-temperate
Phymatolithon Galway, Ireland 53°18'564"N,09° 5.5 0.454 +0.15 8 16 Aug 2021
calcareum 51'50"W
Warm-temperate
Phymatolithon Armagao de Pera, South 37°06'09"N, 08° 22 0.165 (0.09- 3(0.5-14) 17 Jul 2019
lusitanicum Portugal 21'25"W 0.240)
Phymatolithon sp.  Bicudas, Porto Santo Island, ~ 33°03'37"N, 16° 33 0.128 £ 0.01 1.5 20 Jun 2019
Portugal 20'03"W
Phymatolithon sp.  Canigal, Madeira Island, 32°44'27"N, 16° 18 0.114 £ 0.02 13 21 Jun 2019
Portugal 42'42"W
Subtropical
Phymatolithon sp. ~ Gando, Gran Canaria, Spain ~ 27°55'54"N, 15° 23 0.114 £ 0.01 T 23 Oct 2019
2111"W
Phymatolithon sp.  Arguineguin, Gran Canaria, 27°45'26"N, 15° 14 0.114 £ 0.01 20 23 Oct 2019
Spain 41°01"W
Lithophyllum Arvoredo, South Brazil 27°16'26"S, 48° 8 0.194 (0.07- 21 (3-54) 24 Dez 2017
atlanticum 22'1"W 0.460)™
Melyvonnea Arvoredo, South Brazil 27°16'26"S, 48° 8 0.194 (0.07- 21 (3-54) 24 Dez 2017
erubescens 22'1"W 0.460)*
Lithothamnion Arvoredo, South Brazil 27°16'26"S, 48° 8 0.194 (0.07- 21 (3-54) 24 Dez 2017
crispatum 22'1"W 0.460)"*

Table Legend: Data for K represent mean + SD (n=5-6). Some locations experience strong fluctuations in K4 (min-max) due to (*) fast inversions between up- and downwelling conditions
(see Schubert et al., 2021b) and (**) influence of wind-driven currents (summer K values from MAArE (2017).
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Species Slope of increase of Gign: With GP Giight/GPmax

Cold-temperate

Phymatolithon calcareum 0.114 + 0.0072 0.11 £0.012
Warm-temperate

Phymatolithon lusitanicum 0.248 + 0.015° 0.24 +0.02°°
Phymatolithon sp. (Bicudas) 0.225 + 0.053% 0.34 + 0.07°%
Phymatolithon sp. (Canigal) 0.193 + 0.019% 0.21 +0.02°
Subtropical

Phymatolithon sp. (Gando) 0.313 + 0.044* 0.33 + 0.03%%
Phymatolithon sp. (Arguineguin) 0.259 + 0.033° 0.24 +0.02°°
Lithophyllum atlanticum 1.261 + 0.143¢ 0.39 + 0.02%
Melyvonnea erubescens 2.262 + 0.156% 0.51 +0.08°
Lithothamnion crispatum 0.705 + 0.226° 0.38 + 0.02%
ANOVA F=42.57,p<0.0001 F=24.34,p<0.0001

Table Legend: Intial linear slope of the increase of calcification with photosynthesis at iradiances <Ex (mol O, precipitated mol’” CaCOs) and mean ratio of maximum light calcification
(GLignd to gross photosynthesis GPray) at saturating iradiances (>E) (mol CaCOs precipitated mol " 0,). Data represent mean + SE and significant differences among species (ANOVA,
Tukey's HSD posthoc, p<0.05) are indicated by different letters.
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