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The multi-faceted impacts of the Anthropocene are increasingly modifying natural ecosystems and threatening biodiversity. Can small protected spaces conserve small mammal diversity across spatial and temporal scales of human impact? We identified small mammal remains from modern raptor pellets and Holocene archeological sites along a human modification gradient in the San Francisco Bay Area, CA and evaluated alpha and beta diversity across sites and time periods. We found that Shannon diversity, standardized species richness, and evenness decrease across modern sites based on level of human modification, with no corresponding change between Holocene sites. Additionally, the alpha diversity of modern sites with moderate and high levels of human modification was significantly lower than the diversity of modern sites with low levels of human modification as well as all Holocene sites. On the other hand, the small mammal communities from Jasper Ridge Biological Preserve, a small protected area, retain Holocene levels of alpha diversity. Jasper Ridge has also changed less over time in terms of overall community composition (beta diversity) than more modified sites. Despite this, Holocene and Anthropocene communities are distinct regardless of study area. Our results suggest that small mammal communities today are fundamentally different from even a few centuries ago, but that even relatively small protected spaces can partially conserve native faunal communities, highlighting their important role in urban conservation.
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Introduction

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

Jasper Ridge Biological Preserve (named “Ootchamin Ooyakma” by the Muwekma Ohlone; hereafter called Jasper Ridge) is a small protected area in Woodside, CA located only a few kilometers from Stanford University and the city of Palo Alto. Jasper Ridge is separated from these urban areas by open agricultural lands, golfing greens, and suburban housing and businesses (Figure 1). We surveyed small mammals along this gradient of human modification and compared them to their Holocene abundances using local zooarcheological data. We aimed to differentiate the spatial and temporal effects of human modification on small mammal communities in the Anthropocene. This is directly relevant to conservation because it will distinguish the specific impacts of different land management practices versus the broader-scale changes intrinsic to the Anthropocene which are beyond the scope of management. We ask: How has the Anthropocene impacted small mammals across gradients of time and human modification in terms of species richness, evenness, and community composition in the San Francisco Bay Area?
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FIGURE 1
(A) Street view (JRBP, Jasper Ridge Biological Preserve) and (B) human modification maps of the study region. Anthropocene pellet collection sites are represented as open circles in (B). The human modification map is on a scale from 0 to 1, where 0 is pristine wilderness and 1 is completely transformed landscapes (Theobald, 2013).


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

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

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


Study area

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

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




Materials and methods


Anthropocene pellet collection and data

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

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



Holocene sites and data

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

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

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

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

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



Gradient of human modification

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

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

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

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



Analytical methods

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

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

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

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

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




Results

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


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


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


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

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



Discussion

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

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

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

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

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

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

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

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

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

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

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

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



Conclusion

Here, we demonstrate that modern small mammal communities are fundamentally distinct from even a few centuries ago, showing the importance of utilizing fossil and subfossil baselines to understand the impacts of humans on even the most resilient members of ecosystems. More optimistically, our results demonstrate that even a relatively small, protected space can at least partially protect native faunal communities, highlighting their important role in urban conservation. While biological preserves can buffer biodiversity change across spatiotemporal gradients of human impact, they cannot completely mitigate the overwhelming signal of the Anthropocene on today’s ecosystems.
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