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Abstract 

In this dissertation, I use historical and subfossil baseline data to elucidate 

anthropogenic impacts on faunal communities in California. My first chapter is a 

methodological study which explores the assumption that raptor pellets accurately record 

local small mammal community composition. For this project, I analyzed small mammal 

remains from pellets produced by seven raptor species and collected across four study 

sites in Yellowstone National Park in Wyoming, USA. My results suggest that skeletal 

remains from pellet accumulations are accurate subsamples of local small mammal 

communities. This result has important implications for ecologists conducting 

biodiversity surveys and paleoecologists who use raptor-accumulated small mammal 

subfossils from Quaternary sites to assess environmental change over time.  

In my second chapter, I assess the extent of taphonomic bias introduced by pocket 

gopher (Thomomys bottae) bioturbation in a late Holocene archaeological site in 

Woodside, CA. Pocket gophers are fossorial rodents that spend most of their lives in 

underground burrows. In terrestrial sites, the mixing of fossil material by pocket gopher 

digging may substantially increase time-averaging, obscuring or even erasing 

stratification. Additionally, pocket gophers may die in their burrows, adding younger 

skeletal remains to older deposits. To determine the degree of bias introduced by pocket 

gopher remains, I radiocarbon dated skeletal remains of T. bottae and non-fossorial small 

mammals from the same stratigraphic units in the excavation. I found that the ages of T. 

bottae bones are younger overall and span a wider age range than the distribution of ages 

from other small mammals from the same site and stratigraphic layers. This suggests that 

a significant number of pocket gopher remains were introduced after archaeological 
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deposition, most likely due to their burrowing. These results shed light on a common 

taphonomic process that may affect archaeological and paleontological sites throughout 

the American West, and prompt reevaluation of faunal community reconstructions from 

fossil deposits impacted by pocket gophers and other fossorial mammals.  

For my third chapter, I assess how the small mammal communities of the San 

Francisco Bay Area have changed over the last few thousand years. I reconstruct 

historical small mammal communities using Bay Area archaeological deposits and 

modern communities determined from raptor pellet accumulations. My results are 

twofold. First, I show that Anthropocene (post 1950) and especially urban/Anthropocene 

small mammal communities are fundamentally distinct from Holocene communities, 

overwhelming the signal of over 3000 years of environmental change from the included 

archaeological sites. Second, more impacted (i.e., more urban) Anthropocene sites today 

are more different from their Holocene baseline state than a protected space, showing the 

importance of land management in conserving modern biodiversity.  

In chapter four, I identify ostracod shells and cladoceran eggs cases from a high-

resolution sediment core from Searsville Reservoir in Jasper Ridge Biological Preserve to 

track anthropogenic impacts on the preserve and surrounding communities over the last 

~120 years. I find significant perturbations in the microcrustacean community over time, 

corresponding to historic evidence of the input of environmental toxins in the system. I 

also propose a new metric for assessing human impacts in lake cores.  

My interdisciplinary and multi-system dissertation bring us one step closer to 

understanding the impacts of the Anthropocene on biotic environments both in California 

and around the world.  
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Introduction 

Humans have so altered the global environment that a new epoch, the 

Anthropocene, has been proposed (Barnosky, 2014; Crutzen and Stoermer, 2000; Lewis 

and Maslin, 2015; Waters et al., 2016; Zalasiewicz et al., 2017). The concept of 

the Anthropocene was coined by Crutzen in 2000, who reasoned that the Holocene had 

come to a close as a consequence of anthropogenic forces (Crutzen and Stoermer, 2000). 

Proponents argue that the degree and magnitude of human impacts now rival natural 

processes, and that this footprint can be seen both in wide-spread biological turnovers and 

in sedimentary records (Barnosky, 2014; Steffen et al., 2011; Waters et al., 2016). There 

is much debate both on whether the Anthropocene should be adopted as a geological 

epoch as well as when it should begin (Zalasiewicz et al., 2019). The advent of 

agriculture, the colonization of the Americas, the Industrial Revolution, and the “Great 

Acceleration” of the mid-20th century have all been proposed as potential turning points 

in human history, worthy of the Anthropocene title (Lewis and Maslin, 2015; Ruddiman, 

2003; Steffen et al., 2015; Waters et al., 2016).  

Regardless of this debate, it is certain that we are in a time of intense global 

change which is actively threatening our natural ecosystems. Over half of the planet’s 

ice-free land has been modified by humans, resulting in a plethora of novel ecosystems 

and rapid species loss (Hooke et al., 2012; Hobbs et al., 2014; Barnosky et al., 2017). 

While climate change is becoming an increasing stressor to biodiversity, the most 

immediate threats to species today are direct human impacts such as land use change 

(Bonebrake et al., 2019). In order to make informed management decisions and 
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ameliorate the decline of ecosystems around the world, we must quantify and 

characterize biodiversity change across spatial and temporal scales (Froyd and Willis, 

2008). 

The fossil record has received increasing attention for its ability to establish 

baselines for conservation and elucidate mechanisms behind ecological processes 

(Amorosi et al., 1996; Blois and Hadly 2009; Lyman, 2012; Wolverton and Lyman, 

2012; Rick and Lockwood, 2013; Dietl et al., 2015; Barnosky et al., 2017; Dietl and 

Flessa, 2017). Both applied zooarchaeology and conservation paleobiology provide a 

temporal dimension that is simply not available from even the most long-term ecological 

studies, and these disciplines have the potential to highlight deep-time global changes as 

well as recent anthropogenic drivers. In this dissertation, I compare various aspects of 

living and dead animal assemblages with the goal of identifying strategies for mitigating 

the negative consequences of anthropogenic impacts on faunal communities. My 

overarching research question is: How have faunal communities of California 

responded to human land use change over gradients of space and time? 

To answer this question, I tested methods for assessing small mammal community 

composition in the present (chapter 1) and in the archaeological past (chapter 2), which I 

then applied towards monitoring small mammal community response to spatial and 

temporal gradients of human land modification (chapter 3). Specifically, I asked if Jasper 

Ridge, a small biological preserve, is capable of buffering small mammal community 

change across these scales. I followed up this study by tracking a century of human 

impacts on the local watershed using microcrustacean remains (chapter 4). Together, 
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these studies help quantify and characterize the impacts of human land use change on the 

terrestrial and aquatic ecosystems of California.  
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Chapter 1. Assessing the reliability of 

raptor pellets in recording local small 

mammal diversity 

Maria C. Viteri1, Mary Allison Stegner1, and Elizabeth A. Hadly1 

1 Department of Biology, Stanford University, Stanford, CA 94305, United States 

 

This article was originally published in the journal Quaternary Research in 

October of 2021 with the same title. The full citation to the article is: Viteri, M.C., 

Stegner, M.A. and Hadly, E.A., 2022. Assessing the reliability of raptor pellets in 

recording local small mammal diversity. Quaternary Research, 106, pp.1-10. The journal 

allows for the paper’s reuse in this dissertation. This research was led by Maria who also 

wrote the article. 

1.1 Abstract 

Understanding how raptors select prey is important to determine taphonomic 

biases both in modern and paleo pellet assemblages. We tested whether pellets more 

closely represent raptor dietary specialization or local small mammal diversity by 

sampling pellets from seven raptor species across four study sites in Yellowstone 

National Park, Wyoming, USA. We identified small mammal craniodental elements from 

each pellet and tested for differences among small mammal assemblages for each raptor 

species and study site. Species richness was similar across sites and species, but evenness 

was significantly lower in the riparian grassland as compared to other sites. 
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Reconstructed avian predator diets cluster significantly by site but not by predator 

species. Bray-Curtis diet dissimilarities were significantly lower when comparing 

different raptor species within a site than when comparing different sites but the same 

raptor species. Our results suggest that raptors choose to eat a diversity of small mammal 

species close to their roosts rather than fly long distances to specialize on a particular 

prey species. Neontologists and paleoecologists alike can therefore be confident that 

raptor pellets faithfully represent local small mammal diversity.  

Keywords: small mammal; paleoecology; raptor; pellets; community ecology; 

optimal foraging theory, Yellowstone National Park 

1.2 Introduction 

 

Skeletal remains recovered from the regurgitated pellets of avian predators have 

long been used to reconstruct the composition of past and present small mammal 

communities (e.g. Andrews and Cook, 1990; Hadly, 1999; Avery, 2002; de la Peña et al., 

2003; Lyman and Lyman, 2003; Torre et al., 2004; Terry, 2010a, 2010b; Heisler et al., 

2016; Stegner, 2016). A vast richness of Quaternary fossil data has been extracted from 

paleontological sites where long-term pellet accumulation was the primary means of bone 

deposition,  as in many cave localities (e.g. Andrews and Cook, 1990;  Hadly, 1996, 

1999; Avery, 2002; Terry, 2010a, 2010b). The small mammal records from these sites 

have been invaluable in assessing environmental and ecological change over time (e.g. 

Hadly, 1999). Neontologists also use raptor pellets to non-invasively and efficiently 

sample modern small mammal diversity (e.g. de la Peña et al., 2003; Lyman and Lyman, 

2003; Torre et al., 2004; Heisler et al., 2016). At the core of both of these methods is the 

https://www.zotero.org/google-docs/?ONH59O
https://www.zotero.org/google-docs/?ONH59O
https://www.zotero.org/google-docs/?ONH59O
https://www.zotero.org/google-docs/?Jpz9NP
https://www.zotero.org/google-docs/?Jpz9NP
https://www.zotero.org/google-docs/?htv8sp
https://www.zotero.org/google-docs/?htv8sp
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assumption that raptors eat and regurgitate small mammals in proportion to their local 

abundances.  

However, bones from pellets are also used to study raptor dietary preference (e.g.  

Errington, 1930; Marti, 1974; Andrews and Cook, 1990; Salamolard et al., 2000; Granjon 

and Traoré, 2007). While small mammal bones from raptor pellets must be at least 

partially reflective of both local small mammal community composition and raptor 

dietary preference, it is unclear which plays a larger role. This has implications for the 

long-held tradition of using Quaternary pellet accumulations to reconstruct past 

communities. If raptors show strong dietary preference towards particular small mammal 

species, fossil sites may be affected by biased sampling and thus may not well represent 

local habitats.  

Do small mammal remains in raptor pellets more closely reflect the dietary 

preference of the raptor accumulator or the local small mammal community? Previous 

studies have assessed individual or pairs of raptor species for their utility in small 

mammal studies (Yom-Tov and Wool, 1997; Balčiauskienė, 2005; Granjon and Traoré, 

2007; Scheibler and Christoff, 2007; M. Matos et al., 2015; Heisler et al., 2016). For 

example, previous work has shown that barn owls (Tyto alba) sample small mammals in 

proportion to their true abundances in the landscape, and their pellets are therefore 

appropriate targets for small mammal community studies (Yom-Tov and Wool, 1997; 

Granjon and Traoré, 2007). However, there are two issues with targeting single raptor 

species in such studies. First, without testing the fidelity of other raptor species we cannot 

confidently use their pellets for community reconstruction, vastly limiting the localities 

that can be studied. Second, relying on particular raptor species necessitates positively 

https://www.zotero.org/google-docs/?Zgz9gY
https://www.zotero.org/google-docs/?Zgz9gY
https://www.zotero.org/google-docs/?Zgz9gY
https://www.zotero.org/google-docs/?DwhWC1
https://www.zotero.org/google-docs/?DwhWC1
https://www.zotero.org/google-docs/?lV4zBu
https://www.zotero.org/google-docs/?lV4zBu
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identifying the pellet producer before incorporating pellet data into a study, which is 

particularly difficult for older, weathered pellets. This is a problem for neontologists as it 

is not uncommon for multiple raptors to use the same roost in open areas where roost 

choice is limited. For paleontologists, whose sites may have been deposited by multiple 

raptor species, either simultaneously or with turnover through time, determining 

accumulator identity is also incredibly challenging. If the identification of the pellet 

producers is not important, however, reconstruction of habitat using pellets (both at 

modern communal roosts and in fossil assemblages) can be interpreted with greater 

confidence.  

Previous evaluations of raptor sampling fidelity have been conducted by 

comparing bones from raptor pellets to live-trapping data, yet live-trapping is itself a 

biased collection method (O’Farrell et al., 1994; Hadly, 1999; Torre et al., 2004). Here, 

we instead test whether the small mammal communities reconstructed from pellets are 

more similar across different sites within raptor species, or within the same foraging area 

across multiple raptor species. Our study assesses whether raptors in the same locality 

consume similar small mammal species in similar abundances, or whether they more 

closely represent the dietary preference of a given raptor species.  

Using skeletal elements identified from pellets across multiple sites in the same 

ecosystem, we address the question: Do accumulations of raptor pellets tell us more about 

the raptor or its environment? If the included raptors have strong dietary preferences, we 

expect to find similar diets within the same raptor species across different sites. If instead 

they eat what is locally abundant, different raptor species at the same site should have 

similar diets, but diets will differ more across sites.   

https://www.zotero.org/google-docs/?p97Wj7
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1.2  Materials and Methods 

Pellets were collected in 1998-9 from four study sites in, or just outside of, 

Yellowstone National Park (YNP), Wyoming, USA (Craighead, 2000). We analyzed 

pellets from multiple nocturnal and diurnal avian predator species: great horned owls 

(Bubo virginianus), short-eared owls (Asio flammeus), long-eared owls (Asio otus), red-

tailed hawks (Buteo jamaicensis), Swainson's hawks (Buteo swainsoni), and common 

ravens (Corvus corax). Although ravens are not raptors, in this study we grouped them 

with raptors (and use the term inclusively) because they also eat vertebrate prey and 

regurgitate bones in pellets.  

1.2.1  Study area 

Yellowstone National Park (YNP) is located in the northern Rocky Mountains, 

spanning 8,892 km2 of Wyoming, Idaho, and Montana. Habitats include sagebrush 

steppe, aspen woodland, thermal flats, willow-sedge riparian, meadow, alpine tundra, and 

forest with varying dominant tree species, including Douglas fir (Pseudotsuga menziesii), 

lodgepole pine (Pinus contorta), whitebark pine (P. albicaulis), and spruce-fir (Picea 

engelmannii and Abies lasiocarpa) (Streubel 1989). Four study sites (Gardiner, Lamar, 

Hayden Valley, and Old Faithful) were selected representing differences in habitat type, 

annual precipitation, and mean elevation (Figure 1.1; Table 1.1). The species pool of 

small mammals is similar at each study site since they are all within the Greater 

Yellowstone Ecosystem (GYE). However, the sites differ in terms of the various 

environmental variables (precipitation, elevation, etc.) that control habitat differences at a 

finer spatial scale (Figure 1.1; Table 1.1), and we therefore expect the proportional 

abundances of small mammal species to differ between sites. We evaluated the expected 
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taxa of the four study sites using the GYE species pool and characteristic species for each 

habitat type. Small mammal habitat associations in the GYE were identified using 

Streubel (1989).    

 

Figure 1.1: A) Maps showing the position of Yellowstone National Park within the 

Western United States and the locations of pellet collection sites included in the study. B-

E) Land cover maps of the Gardiner (B), Lamar (C), Old Faithful (D), and Hayden Valley 

(E) study sites showing pellet collection localities (Landfire, 2014).  All maps created 

using ArcMap 10.7.1. 

 

Samples from the Gardiner site were collected at the northern extreme of YNP 

and across the park boundary in the town of Gardiner, Montana. Gardiner is the most arid 
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of the four study sites, being primarily a dry shrubland with Wyoming big sagebrush 

(Artemisia tridentata wyomingensis) that increasingly is dominated by invasive grasses 

and forbes (Figure 1.1; Craighead, 2000; Sikkink, 2011). Dry shrublands in the GYE are 

associated with both desert cottontails (Sylvilagus audubonii) and mountain cottontails 

(Sylvilagus nuttallii) (Streubel, 1989). Additionally, one of the Gardiner sampling 

localities is in a developed area (Figure 1.1), where more human-commensal and 

disturbance-tolerant small mammal species would be expected. The Lamar site is located 

in the northeast of the park near the confluence of Slough Creek and the Lamar River 

(Craighead, 2000). Lamar is primarily a sagebrush grassland, although with a complexity 

of microhabitats including patches of mesic grasses and Douglas fir (Figure 1.1; 

Craighead, 2000). Previous analysis of owl pellets and carnivore scat in the Lamar area 

identified the most abundant taxa as the Uinta ground squirrel (Urocitellus armatus), 

northern pocket gopher (Thomomys talpoides), and montane vole (Microtus cf. M. 

montanus) (Hadly, 1999). U. armatus in particular is indicative of xeric, open patches of 

sagebrush grassland (Barnosky, 1994; Streubel, 1989). While the Hayden Valley study 

site is also primarily a grassland, it gets ~200 mm more rainfall than Lamar annually and 

is therefore more mesic (Figure 1.1; Table 1.1). The habitats near the Hayden Valley 

sampling localities include sagebrush grasslands, wet meadows, and riparian areas with 

sedges (Figure 1.1; Craighead, 2000). Nearby, there is also forest with both lodgepole 

pine and subalpine fir (Figure 1.1; Craighead, 2000). Species characteristic of mesic 

grasslands and wet meadows in YNP include Sorex spp., M. montanus, and M. 

pennsylvanicus (Steubel, 1989). Old Faithful, the most mesic study site (Table 1.1), is 

dominated by lodgepole pine, but includes highly riparian wet meadows and geyser 

https://www.zotero.org/google-docs/?UpKOoI
https://www.zotero.org/google-docs/?7zTFbw
https://www.zotero.org/google-docs/?vBcNPr
https://www.zotero.org/google-docs/?vBcNPr
https://www.zotero.org/google-docs/?dFCDE1
https://www.zotero.org/google-docs/?dFCDE1
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basins with large thermal flats (Figure 1.1; Craighead, 2000). Red squirrels 

(Tamiasciurus hudsonicus) and red-backed voles (Myodes gapperi) are associated with 

lodgepole pine forests, voles (Microtus spp.) are especially abundant in wet meadows, 

deer mice (Peromyscus maniculatus) are the only small mammals found near thermal 

flats, and water voles (M. richardsoni) are characteristic of riparian zones (Streubel, 

1989). 

Raptors tend to regurgitate one or two pellets per day, and each pellet typically 

represents one to three meals depending on the size of the bird and the prey as well as the 

regurgitation frequency (Duke et. al 1976). A previous study in YNP found that small 

mammal bones deposited in a Holocene cave by raptors and mammalian predators were 

transported a maximum distance of ~8 km from their source (Feranec et al., 2007). The 

most proximate study sites in this study (Gardiner and Lamar) are over 23 km apart, well 

beyond this foraging radius. We therefore do not expect that the raptors in our study are 

systematically hunting in one study site and regurgitating pellets in another. However, we 

expect that our pellet assemblages include some spatial-averaging within each study site. 

Table 1.1: Study site location, precipitation, and habitat type information. 

Study Site Gardiner Lamar Old Faithful Hayden Valley 

Latitude, 

Longitude 

45°1.949' N, 

110°41.678' W 

44°55.721' N, 

110°20.492' W 

44°30.718' N, 

110°49.003' W 

44°39.736' N, 

110°28.414' W  

Average elevation 

(m)  

1616 1931 2233 2355  

  

Average annual 

precipitation from 

1971-2000 

(mm/year)  

245.11 320.55 

 

644.65 530.35 

Habitat types dry shrubland, 

developed 

sagebrush 

grassland,  

wet meadows, 

Douglas fir 

lodgepole pine 

forest, riparian,  

wet meadows, 

thermal flat 

sagebrush grassland, 

wet meadows, 

riparian, 

lodgepole pine forest, 

subalpine fir forest 

https://www.zotero.org/google-docs/?hj3Pv9
https://www.zotero.org/google-docs/?oRJdfs
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1.2.2  Raptor pellet collection and skeletal element identification 

A total of 1,246 raptor pellets were collected during the summers of 1998 and 

1999 and accessioned in the Hadly Lab at Stanford University (Craighead, 2000). The 

pellets were found in each site by systematically searching underneath raptor roosts and 

nests (Craighead, 2000). To ensure that all pellets could be reliably paired with the raptor 

species that regurgitated them, only roosts and nests with visually identified raptor 

species were included (Craighead, 2000). 850 pellets were dissected, of which 787 

yielded identifiable skeletal elements. Small mammals represented the majority of 

specimens dissected from the YNP pellets, comprising 83.6% of vertebrate remains. 

Reptile, amphibian, bird, and insect remains found in the pellets are not included in this 

study. 

All small mammal specimens were identified morphologically to the most 

specific taxonomic unit possible based on craniodental material (crania, mandibles, and 

cheek teeth). Craniodental elements were chosen for identification because they are 

relatively robust to raptor digestion, and are usually diagnostic for many small mammal 

taxa, enabling identification to genus or species (Terry, 2007). These elements are also 

the most likely to be preserved in the fossil record, making direct comparisons between 

modern and paleontological collections tractable. The minimum number of individuals 

(MNI) was calculated for each small mammal taxon per pellet. This was done by 

identifying the craniodental material within each pellet by taxon, element, and side (left 

or right), and subsequently determining the most abundant element. Small mammal MNIs 

from each pellet were then pooled by study site and raptor species, such that each 

grouping represents all pellets from one raptor species at one site (e.g. all great horned 

https://www.zotero.org/google-docs/?FMI6Vy
https://www.zotero.org/google-docs/?saKPFq
https://www.zotero.org/google-docs/?USBjM0
https://www.zotero.org/google-docs/?VRvYT1


14 

 

owl pellets from the Gardiner site). Raptor and study site groupings with fewer specimens 

than the total number of small mammal taxa considered across sites (n=16) were not 

included in subsequent analyses (Table 1.2).  

In our analysis, we included two categories of Microtus: Microtus spp. and M. 

richardsoni. The smaller genera of Microtus present in YNP (M. montanus, M. 

longicaudus, and M. pennsylvanicus) were pooled because they are difficult to 

distinguish unless specific elements (e.g., the first molar) are retained. In addition, M. 

montanus, M. longicaudus, and M. pennsylvanicus occupy roughly the same 

environments (moist meadows), therefore pooling their abundances retains habitat-

specific information (Streubel, 1989). Microtus richardsoni, on the other hand, is 

morphologically distinct from the other local Microtus species and occupies a more 

specific mesic niche, being found exclusively in riparian zones dominated by sedges and 

willows (Streubel, 1989). Therefore, it is both tractable and informative to separate this 

species from the rest of Microtus spp.  

All specimens of Lepus and Sylvilagus were designated as Leporidae due to the 

difficulty of morphologically distinguishing their craniodental remains. 

1.2.3  Diversity analyses 

For each raptor species at each study site (jointly referred to as a “site-predator 

cohort” or simply “cohort” henceforth), we calculated standardized species richness using 

shareholder quorum subsampling (SQS) with a quorum level of 0.8 (Alroy, 2010). It is 

necessary to standardize species richness in order to remove the effect of the different 

sample sizes of each site-predator cohort. While traditional rarefaction standardizes 

richness through uniform sampling, this can underestimate the richness of the most 

https://www.zotero.org/google-docs/?W6o67c
https://www.zotero.org/google-docs/?lpm913
https://www.zotero.org/google-docs/?J2y98T
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diverse samples. SQS fixes coverage rather than sample size such that a site that has 

double the SQS richness value as another site is in fact twice as diverse (Alroy, 2010).  

We then calculated taxon evenness using probability of interspecific encounter 

(PIE) using Goodman’s simultaneous confidence intervals for each cohort (Table 1.2), 

following the methods of Davis (2005) and Stegner (2016). Unlike other diversity indices 

such as Simpson and Shannon, PIE is independent of sample size and therefore does not 

require resampling in order to estimate uncertainty. We evaluated confidence interval 

overlap to assess whether small mammal evenness was significantly different between 

site-predator cohorts.  

1.2.4  Testing the role of site versus raptor species 

We standardized community data from each site-predator cohort by using relative 

abundances (Figure 1.2). We then ran a permutational multivariate analysis of variance 

(PERMANOVA) to assess whether there are significant differences in the small mammal 

pellet assemblage across raptor species or across sites. PERMANOVA tests whether the 

centroids of our clusters are different between our “treatments” (here, different raptor 

species or different study sites). We also ran a PERMANOVA assessing whether there 

were significant differences between the diets of the nocturnal and diurnal raptor species. 

We did this to test whether raptor diet is biased by the time of day they are active. For 

each PERMANOVA, we verified the homogeneity of dispersion among groups using the 

betadisper function in vegan. In cases where PERMANOVA yielded significant results 

and the homogeneity of dispersion assumption was met, we ran a pairwise 

PERMANOVA to determine which groups were significantly different. 

 

https://www.zotero.org/google-docs/?SiO0mg
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Table 1.2: Abundances for each site-predator cohort.  
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We compared community composition between each site-predator cohort (beta 

diversity) using a Bray-Curtis dissimilarity matrix.  From the Bray-Curtis dissimilarity 

matrix, we calculated hierarchical clustering using the complete-linkage method which 

we present as a dendrogram (Figure 1.3). We tested the significance of each split using a 

broken stick test. 

We further calculated the intra-raptor and intra-site area Bray-Curtis 

dissimilarities to assess if the reconstructed small mammal communities were more 

similar on the basis of collection area or raptor species. We visualized this using box 

plots by pooling dissimilarities that 1) represented comparisons of a single species of 

raptor across multiple sites, and 2) represented within-site comparisons across multiple 

raptor species (Figure 1.4). Any raptor species that was not represented in more than one 

study site was not included in the across-site raptor analysis. Likewise, the Old Faithful 

study site was not incorporated into the within-study site comparison because only one 

raptor species is represented there.  

Lastly, we conducted a SIMPER analysis to determine the contribution of each 

small mammal taxon to the pairwise dissimilarities between sites (Figure 1.5). If the 

small mammal associations are in line with the expectations of local small mammal 

community composition within each study site, this will suggest that the included raptors 

are sampling the small mammals in proportion to their local abundances.  

All analysis and visualization was completed in the R program for statistical 

computing (version 3.6.1) using the vegan, stats, ggsignif, ggplot2, EcolUtils, and viridis 

packages (Wickham, 2016; Garnier, 2018; Ahlmann-Eltze, 2019; Oksanen et al., 2019; R 

Core Team, 2019; Guillem, 2020; Salazar, 2020).  

https://www.zotero.org/google-docs/?MbKti7
https://www.zotero.org/google-docs/?7IWtzF
https://www.zotero.org/google-docs/?7IWtzF
https://www.zotero.org/google-docs/?FPPZbi
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Figure 1.2: Relative abundances of the most common small mammal taxa found in raptor 

pellets from the four study sites as well as each avian predator species. 

 

Figure 1.3: Cluster dendrogram showing relationships between cohorts, with shorter split 

heights indicating more similar cohorts. Significant splits (clusters) were found using a 

broken stick test and labeled on the dendrogram with asterisks.  
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Figure 1.4: Box plot of pooled intra-study site and intra-raptor species Bray-Curtis 

dissimilarities with significance at the 0.05 level marked by double asterisks (Wilcox test, 

p-value = 0.003).  

 

 

Figure 1.5: SIMPER values showing the proportions of Bray-Curtis dissimilarities 

between study sites explained by small mammal taxa. These values show the relative 

contribution of different small mammals in differentiating study sites from each other. 

1.3  Results 

We identified a total of 1,375 MNI from 16 small mammal taxa: Sorex spp., 

Myotis spp., Mustela spp., Urocitellus armatus, Tamias spp., Tamiasciurus hudsonicus, 
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Thomomys talpoides, Zapus princeps, Myodes gapperi, Microtus spp. (including M. 

montanus, M. longicaudus, and M. pennsylvanicus), Microtus richardsoni, Ondatra 

zibethicus, Phenacomys intermedius, Neotoma cinerea, Peromyscus maniculatus, and 

Leporidae (Table 1.2; Figure 1.2). 

The standardized richness (SQS) for each site-predator cohort ranged from 0.93 to 

5.93 and evenness (PIE) ranged from 0.30 to 0.79. The majority of samples were fairly 

even (PIE >0.5) for all cohorts, with the exception of three of the four Hayden Valley 

raptors: Swainson's hawk, short-eared owl, and long-eared owl. Hayden Valley cohorts 

also had the lowest raw and standardized richness. Pellets from ravens had the highest 

evenness and standardized richness across all study sites. 

Reconstructed small mammal communities were significantly different when 

grouped by study site (R2 = 0.77, p-value=0.001) but not by raptor identity (R2 = 0.52, p-

value=0.603). We also found a non-significant PERMANOVA result when grouping 

nocturnal versus diurnal species (R2 = 0.07, p-value=0.680). In all cases, the homogeneity 

of dispersion assumption was met, validating our findings. Pairwise PERMANOVA 

revealed significant differences between the Hayden Valley and Lamar study sites (p-

value=0.032), though this was not significant with a Holm p-value correction. 

In our cluster dendrogram, however, cohorts from the same study site cluster 

together, regardless of raptor species (Figure 1.3). The two Gardiner site-predator cohorts 

form a clade cluster separate from all others, Hayden Valley clusters apart from Lamar 

and Old Faithful, and the Old Faithful cohort falls outside of the three Lamar cohorts. All 

three of these splits are significant based on a broken stick test.  
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The intra-raptor Bray-Curtis dissimilarities were significantly higher than the 

intra-study site dissimilarities (Figure 1.4, p-value = 0.003). Therefore, the reconstructed 

small mammal communities were more similar within study sites, regardless of raptor 

species, than were raptor diets across study sites. 

The most important species that discriminate between sites are: Leporidae, P. 

maniculatus, M. richardsoni, and T. talpoides for Gardiner and Old Faithful; Leporidae, P. 

maniculatus, and Microtus spp. for Gardiner and Hayden; Leporidae, P. maniculatus, and U. 

armatus for Gardiner and Lamar; Microtus spp., M. richardsoni, T. talpoides, and U. armatus for 

Lamar and Old Faithful; and Microtus spp. and M. richardsoni for Old Faithful and Hayden 

Valley (Figure 1.5).  

1.4  Discussion 

Our results show that the small mammal communities reconstructed from our 

pellet assemblages are significantly different between study sites but are not significant 

between raptor species. While the pairwise PERMANOVA only significantly 

differentiates Hayden Valley from Lamar, our cluster analysis (with broken stick test) 

confirms the significant splits of all four study sites. In addition, we found that pellet 

collections are more similar within the same study site, regardless of raptor identity, than 

within the same raptor species across different study sites (Figure 1.4). Therefore, the 

collection site better explains the small mammal community composition in raptor pellets 

than does the identity of the raptor species.  

While ideally we would compare our pellet data to known small mammal 

abundances from each study site, we did not conduct this study for a variety of reasons. 

All small mammal sampling methods (camera-trapping, live-trapping, carnivore scat, 
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etc.) are biased in some way (Torre et al., 2004; Foster and Harmsen, 2012; Stephens and 

Anderson, 2014). For example, specific taxa may be favored or excluded depending on 

trap type, trap attraction, or type of bait used (Stephens and Anderson, 2014). Above-

ground live-trapping is highly biased in that it excludes some common species (i.e., 

pocket gophers), while favoring others (i.e., deer mice) despite often being the preferred 

method for surveying small mammal communities. A small mammal survey in the Lamar 

area using live-trapping, owl pellets, and carnivore scats showed that live-trapping did 

not support the rank order abundances of the prey species found in carnivore or raptor 

diets, or indeed a century or so of such items from a subfossil accumulation in the same 

area (Hadly, 1999). Torre et al. (2004) and Heisler et al. (2015) also found that owls 

sample a greater diversity of small mammals than live-trapping. Therefore, an 

independent evaluation using live-trapping would not be informative.  

Thus, we identified the expected small mammal taxa based on the dominant 

habitats in each study site using Streubel (1989) and matched these with the taxa that 

discriminated the pellet assemblages of each study site. While we can not be certain that 

the pellets represent the exact relative abundances of small mammals within their local 

environments, we believe that if there is bias, it is relatively small. Importantly, our 

results show that any possible bias present must be consistent across the different raptor 

species included in this study, regardless of species identity or whether they are nocturnal 

or diurnal. For Quaternary cave sites it is most important to prove that differences in 

small mammal communities over time is not just an artifact of raptor community 

turnover. As long as the bias from raptor accumulators is consistent across species, 

environmental signal is retained.  
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However, the small mammal species which differentiate each study site suggests 

that the raptors are sampling small mammal species according to their local abundances, 

rather than preferentially selecting specific taxa. The small mammals associated with 

each study site are concordant with the habitats represented in the vicinity of the raptor 

pellet accumulations. For example, all four raptor species sampled in Hayden Valley 

produced similar small mammal assemblages (low Bray-Curtis dissimilarities). However, 

abundances of Microtus spp. differentiate Hayden Valley from the other study sites 

(Figure 1.5). The high relative abundance of this genus in the Hayden Valley pellets also 

drove the low evenness and raw richness in these cohorts (Table 1.2).  The included 

Microtus species (M. montanus, M. longicaudus, and M. pennsylvanicus) are wet 

meadow and grassland specialists (Streubel, 1989), consistent with the high proportion of 

these habitat types where the pellets were collected along the Yellowstone River.  

The Lamar site-predator cohorts are also quite similar in terms of small mammal 

community composition, which is driven by the prevalence of Urocitellus armatus in 

these cohorts and not elsewhere (Figure 1.2, Figure 1.5). This is consistent with the 

sagebrush grassland habitat of the Lamar site as U. armatus is a characteristic species of 

this vegetation community (Craighead, 2000; Hadly, 1996, 1999). Similarly, the Old 

Faithful study site is separated out by the abundance of the water-associated M. 

richardsoni (Figure 1.2, Figure 1.5), likely due to the abundance of moist meadows and 

freestanding water offered by the numerous thermal ponds and year-round riparian 

vegetation along the Firehole River.  All other expected taxa (T. hudsonicus, M. gapperi, 

P. maniculatus, and Microtus spp.) are also present at the Old Faithful study site, 

https://www.zotero.org/google-docs/?69MwDn
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although are apparently less informative than M. richardsoni in discriminating this site 

from the others. 

While the Gardiner raptors (great horned owl and common raven) grouped 

together in the cluster dendrogram, they consumed only moderately similar prey (Bray-

Curtis value =0.44). The lack of species overlap may in part be due to extreme 

differences of the habitats within the study sites. Gardiner is at the very northern end of 

YNP and falls within a high-latitude desert with xeric vegetation similar to the Great 

Basin (Despain, 1973). The Gardiner site-predator cohorts are characterized by a high 

prevalence of leporids, which is consistent with the dry shrubland habitat (Figure 1.2, 

Figure 1.5; Streubel, 1989; Craighead, 2000). None of the other localities report leporid 

remains despite both avian accumulators (great horned owls and ravens) being 

represented in other study sites (Figure 1.2). Additionally, Peromyscus maniculatus, a 

“weedy” disturbance-tolerant species (Blois et al., 2010; Stegner, 2015; Shonfield and 

Bayne, 2019), is an important species in explaining the dissimilarity between Gardiner 

and the other study sites (Figure 1.5). This may represent the urban influence on small 

mammal community composition since one of the Gardiner collection sites was near the 

town of Gardiner, Montana, and the environs are more heavily impacted by human 

disturbance and invasive plant and animal species. 

Interestingly, there was no significant difference between the diets of the diurnal 

avian predators included (ravens, red-tailed hawks, and Swainson’s hawks) and those of 

the nocturnal ones (owls). This result was unexpected because nocturnal and diurnal 

raptors should have a different selection of species available to them since small 

mammals are characteristically active at different times of the day. This is possibly 

https://www.zotero.org/google-docs/?FgjZBN
https://www.zotero.org/google-docs/?FgjZBN
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explained by the more flexible active schedules of small mammal species, many of which 

do not fit neatly into the nocturnal versus diurnal categories and instead are more 

crepuscular. These results imply that unlike small mammal live-trapping which 

necessitates trapping both during the day and night to capture a representative selection 

of taxa, raptor pellets, regardless of the identity of their producer, are less biased in this 

respect. 

 Spatial partitioning between sympatric raptors may in part account for their 

dietary overlap in the same study sites. A study of two sympatric hawk species showed 

that in times of prey decline neither hawk specialized in their diets (resource partitioning) 

but instead invested in aggressive territory guarding (Gerstell and Bednarz, 1999). This 

suggests that in study sites with multiple diurnal raptors (who have overlapping hunting 

times), the birds may have foraged close to their roosts in non-overlapping areas. 

However, if there were abundant prey resources, spatial partitioning between sympatric 

raptors may have been less stark.  

Something that we did not test in this study is whether the body size of raptors 

influences their diets. We did not include a sufficient range of raptor body sizes to test 

whether this was a factor, but intuitively bone assemblages produced only by very small 

raptors or very large raptors may be biased in respectively excluding or including larger-

bodied small mammals. For example, very small raptors such as falcons and kestrels are 

unlikely to be able to consume a regular diet of large rabbits or squirrels simply by virtue 

of physical limitations. Very large raptors such as golden eagles (Aquila chrysaetos), on 

the other hand, regularly eat leporids and sciurids in addition to smaller mammals 

(Bedrosian et al., 2017).  Our study could be expanded to test the effect of body size on 
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raptor diet by the inclusion of raptors with a wider size range. For example, both golden 

eagles and American kestrels (Falco sparverius) are present in YNP and could be added 

to the study to represent the upper and lower range of raptor body sizes.  

Our results show that if raptors are biased in their preference of small mammal 

species, the bias is consistent and is not so strong that the signal of their collection area is 

obscured. However, there do seem to be differences between raptor species in terms of 

both evenness and raw richness of their small mammal diets. Ravens, who are scavengers 

as well as predators, sample the local diversity more evenly than the other avian predators 

we sampled. Great horned owls consistently have the highest raw species richness in their 

diet, but this difference is not evident after standardization.  

 

1.5  Conclusions 

Our analysis shows that the small mammal component of raptor diet is best 

explained by the location of the pellet accumulation site rather than raptor species 

identity. The small mammal taxa that discriminate the sites align with differences in the 

local environments. This suggests that raptor communities faithfully sample local small 

mammal diversity, more closely exhibiting optimal foraging than dietary specialization. 

Our findings imply that ornithologists who use pellets to construct raptor dietary profiles 

should sample multiple localities in order to capture their true dietary breadth. On the 

other hand, our results are encouraging for neontologists who use raptor pellets to non-

invasively survey small mammal communities, as they can now confidently rely on their 

results without first determining the identity of the raptor species which regurgitated the 

pellets. In addition, paleoecologists working in raptor-accumulated sites can more 

confidently assess environmental change over time without first testing whether small 
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mammal community turnover is simply an artifact of shifting raptor community 

composition. In conclusion, analysis of raptor pellets remains a promising method for 

accurately and non-invasively sampling past and modern small mammal communities.  
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Chapter 2. Bothersome burrowers: 

tracking the impact of Botta’s pocket 

gopher (Thomomys bottae) bioturbation 

on a late-Holocene archaeological site in 

California 

2.1 Abstract 

Archaeological and paleontological research relies on the ability to contextualize 

artifacts and skeletal remains, however stratigraphic disturbances such as bioturbation 

can complicate temporal associations. More specifically, the mixing of fossil and 

subfossil material by pocket gophers (Thomomys spp.) may increase time-averaging, 

obscuring or even erasing stratification in terrestrial, open-air sites. Not only can bones 

be transported vertically by displacement of dirt by pocket gophers, but also the gophers 

themselves may die deep in their burrows, adding young skeletal remains to older 

deposits. Using a late-Holocene archaeological site in California as a case study, we 

establish the degree of bias introduced by pocket gophers by radiocarbon-dating incisors 

of T. bottae and non-fossorial small mammals from the same stratigraphic units. The ages 

of T. bottae incisors are younger overall, and span a wider age range, than the ages of 

other small mammals from the same sediment layers. Our data shows that a significant 

number of pocket gopher remains were introduced after the site’s deposition, and we 

conclude that this is a consequence of T. bottae burrowing. These results shed light on a 
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common taphonomic process and may prompt reevaluation of faunal community 

reconstructions from fossil deposits impacted by pocket gophers and other fossorial 

mammals around the world. 

Keywords: pocket gophers; taphonomy; archaeology; site formation; radiocarbon 

dating; small mammals; Holocene; stratigraphy 

2.2  Introduction 

Understanding the biases affecting archaeological and paleontological sites is 

necessary for interpreting the faunal and cultural materials from these deposits. In 

terrestrial sites, soil mixing by mammalian bioturbators may increase time-averaging, 

obscuring or even erasing stratification (Araujo and Marcelino, 2003; Balek, 2002; 

Bateman et al. 2007; Graham 1993; Pelletier et al., 2017; Smallwood and Morrison, 

1999; Thorp, 1949). In particular, pocket gophers (Thomomys spp., Family Geomyidae) 

are known to create extensive burrow systems (Huntly and Inouye, 1988). Their 

burrowing aerates the soil and increases moisture penetration, leading to significant 

changes in plant diversity, in turn favoring long-term gopher activity (Hobbs and 

Mooney, 1985; Huntley and Inuoye, 1988). Pocket gophers preferentially burrow in the 

loose, rich sediments characteristic of archaeological sites rather than compact, unaltered 

soils nearby (Pierce, 1992). In archaeological deposits their digging thereby complicates 

the interpretation and contextualization of artifacts, faunal remains, and other materials 

(Bocek, 1986; Erlandson, 1984; Johnson, 1989; Pierce, 1992; Shaffer, 1992; Wood and 

Johnson, 1978). 

To better understand the role of burrowing and bioturbation in altering site 

stratification, we radiocarbon-dated small mammal remains from multiple depths of a 

https://www.zotero.org/google-docs/?h0FFSt
https://www.zotero.org/google-docs/?h0FFSt
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late-Holocene archaeological site from Jasper Ridge Biological Preserve (JRBP) in 

Woodside, California (USA). The Jasper Ridge Site (CA-SMA-204) was excavated by 

Barbara Bocek in the early 1980’s (Bocek, 1987). Bocek (1986) tested the rate of lateral 

mixing by the native pocket gopher, Thomomys bottae, at the Jasper Ridge Site by 

excavating a 1 by 2 meter unit, backfilling it with sterile soil, and re-excavating it seven 

years later (Bocek, 1992). She found that the top 10 cm of soil in the re-excavated unit 

contained 41% of the total amount of cultural and rock material found in the original 

excavation, which she concluded was transported from adjacent, unexcavated soils 

(Bocek, 1992). This showed that, when present, pocket gophers may rapidly transport 

small objects (less than 3.5 cm diameter) laterally, especially in the “rodent-zone” 0-30 

cm below the surface (Bocek, 1992). Bocek (1986; 1987; 1992) also postulated that 

vertical mixing had destroyed any meaningful stratigraphy at the Jasper Ridge Site with 

the most intense vertical bioturbation again concentrated in the top 30 cm of the deposit. 

In addition to altering stratification, vertical mixing displaces artifacts from their original 

context, making their interpretation more difficult, if not impossible. 

The temporal analysis of microfaunal remains in archaeological sites may be 

especially complicated by burrowing of T. bottae. Not only can bones of other small 

animals be transported up or down in the sediments by pocket gopher digging, but pocket 

gophers themselves may die in their tunnels or dens, which could introduce their younger 

skeletal remains to older sediment layers (Gifford-Gonzalez et al., 2013; Shaffer, 1992). 

Using both ethnographic information about the food habits of native communities and the 

degree of completeness of the gopher skeletons, Shaffer (1992) concluded that pocket 

gopher remains at an archaeological site in New Mexico were contemporary with the site. 

https://www.zotero.org/google-docs/?CuZl9G
https://www.zotero.org/google-docs/?c5iMVb
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Although these are helpful proxies for interpreting small mammal remains in 

archaeological sites, no studies have empirically tested the degree of bias introduced by 

pocket gopher remains into zooarchaeological reconstructions. To avoid incorporating 

modern skeletal material into reconstructions of past community composition and to 

understand whether faunal remains from the same stratigraphic unit comprised a living 

community, it is thus important to quantify the role of burrowing in faunal intrusion in 

archaeological deposits.  

Using the Jasper Ridge Site as a case study, we assess whether the abundant T. 

bottae remains (Table 2.1) are significantly younger than other small mammals from the 

site by dating both gopher and non-fossorial (non-burrowing) small mammal teeth from 

the same depths. If a significant number of T. bottae remains were introduced after the 

site’s original accumulation through their burrowing, then we expect that the ages of their 

teeth will: 1) be younger on average than those of non-fossorial mammals and 2) span a 

wider temporal range than the ages of other small mammals from the same sediment 

layers. We test whether T. bottae bioturbation has altered stratigraphy at the Jasper Ridge 

Site by comparing Bayesian age-depth models constructed from radiocarbon dates on T. 

bottae and on non-fossorial mammals remains. If remains of non-fossorial mammals 

follow the law of superposition, we assume that they were encountered in-situ. In 

contrast, if the non-fossorial small mammal remains were vertically mixed, we would 

expect older elements to have moved up, which would not produce a signal of increasing 

age with depth. Thus, if the age models retain the expected age-depth correlation, then 

temporal analyses of materials from this site can be interpreted with greater confidence. 
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Species NISP 
 

Reithrodontomys megalotis 4  

Microtus californicus 99  

Peromyscus spp. 11  

Neotoma fuscipes 57  

Leporidae 119  

Scapanus latimanus 1  

Thomomys bottae 432  

Sciuridae 50  

Total  773  

Table 2.1: Small mammal cranial specimens (number of identified specimens = NISP) 

from the Jasper Ridge Site (CA-SMA-204).  

2.3  Materials and methods 

2.3.1  Excavation and Taxonomic Identification 

 The Jasper Ridge Site (CA-SMA-204) is located within the boundaries of Jasper 

Ridge Biological Preserve (Jasper Ridge), Woodside, California, 1.4 km downstream of 

the junction of Bear and San Francisquito Creeks (Bocek, 1987). The site is a large 

archaeological midden deposit which was excavated in the early 1980s in 24 1x2 m units 

and 10-cm levels until sterile soil or bedrock was reached (Bocek, 1986; Bocek, 1987). 

The depth of the cultural deposit varies between 80 and 150 cm below surface (Boeck, 

1986). Large bones and artifacts were documented and collected, and the remaining 

sediments were passed through a ¼ inch screen (Bocek, 1987). The resulting matrix was 

then processed via flotation, producing a heavy fraction of rock, shell, lithics (stone 

tools), and bone between 0.14 and 0.6 cm; and a light fraction composed primarily of 

plant material (Bocek, 1987). Three charcoal samples yielded conventional radiocarbon 
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dates of 1,010 ± 70 (from 90 cm below surface; 677-1245 calibrated years before present 

[cal ybp]), 1,060 ± 60 (from 110 cm below surface; 737-1256 cal ybp), and 615 ± 170 

(from 110 cm below surface; 0-1171 cal ybp) radiocarbon years before present (14C ybp) 

(Bocek, 1987). 

We sorted material from the previously unsorted heavy fraction, then 

morphologically identified small mammal craniodental remains both from this material 

and from the pre-sorted faunal collections from the Jasper Ridge Site. Comparative 

collections in the Hadly lab at Stanford University and Mammalian Osteology (Gilbert, 

1980) were used as reference materials. All materials are accessioned at the Stanford 

University Archaeological Collections (SUAC).  

2.3.2  Radiocarbon dating and analysis 

Microtus californicus (California vole), Neotoma fuscipes (the dusky-footed 

woodrat), and leporids (likely Sylvilagus spp.) represent sympatric, non-burrowing small 

mammals that were radiocarbon dated to contrast with the fossorial T. bottae. Although 

voles (Microtus spp.) and cottontail rabbits (Sylvilagus spp.) are weakly fossorial, they 

dig only shallowly and therefore do not significantly impact site stratification. Neotoma 

fuscipes is not fossorial, constructing above-ground stick houses for shelter. Therefore, 

these non-fossorial small mammals presumably entered the archaeological record as it 

was being deposited. While it is possible that some of their remains were vertically mixed 

by pocket gophers post-deposition, it is unlikely that non-fossorial small mammals 

younger than the site itself would be incorporated into the archaeological record. 

For radiocarbon sampling, we targeted incisors from taxonomically identified 

mandibles and premaxillae, because incisors generally retain a significant amount of 
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collagen necessary for radiocarbon dating, and because in isolation they are not usually 

taxonomically diagnostic, unlike cheek teeth. For non-fossorial small mammals, we 

primarily targeted Microtus californicus but also selected Neotoma fuscipes and leporid 

incisors when additional M. californicus incisors were not available from the required 

depths. Nine T. bottae and 10 non-fossorial small mammal incisors from M. californicus 

(N=6), N. fuscipes (N=2), and Leporidae (N=1) were AMS radiocarbon dated at the 

Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory. 

We also selected one incisor per taxon to be analyzed for δ¹³C isotope fractionation 

correction to assess evidence of differences in food sources between species.  

 Radiocarbon dates were calibrated using the IntCal20 calibration curve (Reimer et 

al., 2020) and the Bchron package (Haslett and Parnell, 2008) in R (R Core Team, 2021). 

We compared the ages of gophers versus non-fossorial mammals by performing an 

unpaired Wilcoxon test on the 50% values extracted from the credible intervals of the 

calibrated radiocarbon dates. We also constructed two Bayesian age-depth models for the 

site, one using dates from pocket gophers and one using dates from the non-fossorial 

mammals. Bayesian age-depth models were constructed using the Bchron (Haslett and 

Parnell, 2008) package. Bayesian age-depths models fit a non-parametric age model 

using a Compound Poisson-Gamma model, taking into account the uncertainty in the 

calibrated radiocarbon date estimates (Haslett and Parnell, 2008; Parnell et al., 2008). We 

examined the overlap of the 95% confidence intervals of the pocket gopher and non-

fossorial small mammal age-depth models to determine if there were significant and 

systematic differences in their ages throughout the deposit.  
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2.4  Results 

A total of 776 small mammal craniodental elements (Number of Individual 

Specimens, NISP) were recovered from the Jasper Ridge Site, representing eight species 

(Table 2.1; Viteri and Hadly, in press). Thomomys bottae is the most abundant animal at 

the site and is represented by cranial material at every excavation level. The small 

mammal taxa are consistent with the present Jasper Ridge vegetation which includes a 

mosaic of habitats including grassland, chaparral, riparian communities, and oak 

woodlands (Holl, 2003; JRBP, 2017; Viteri and Hadly, in review).  

 Uncalibrated radiocarbon dates from small mammal incisors ranged from 1,850 

(± 30) to 145 (± 20) 14C ybp (Table 2.2). One sample, a M. californicus incisor from near 

the top of the deposit (10 cm below the surface), failed to produce sufficient carbon and 

is therefore not included in the analysis. The calibrated dates of gophers are significantly 

younger than and non-fossorial mammals according to the Wilcoxon test (Figure 2.1, p-

value = 0.04). The 50% CI of calibrated ages of pocket gophers (mean = 547 cal ybp, sd 

= 483 cal ybp) are younger overall than those for non-fossorial mammals (mean = 692 cal 

ybp, sd = 269 cal ybp), and this difference increases with depth (Figure 2.2).  The pocket 

gopher and non-fossorial mammal age models have partially overlapped confidence 

intervals at the top of the deposit, but they do not overlap at depths below 20 cm and are 

particularly divergent below 40 cm (Figure 2.2). Although one pocket gopher date 

(T2019.2.359.1) is older than the other small mammals from that level, the pocket gopher 

age model is younger at all depths.  

δ¹³C values for all taxa were similar (ranging from -23.1 to -21.6 per mil), 

suggesting no significant bias in carbon ratios due to difference in food sources among 
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small mammal taxa. Therefore, a δ¹³C value of -22 (± 2) per mil was used for all samples 

that were not directly measured.  

Table 2.2: Calibrated and uncalibrated radiocarbon (14C) dates of T. bottae and non-

fossorial small mammal incisors from the Jasper Ridge Site (CA-SMA-204). 

Sample ID CAMS # Depth (cm) 14C age (ybp) 14C 

error 
50% calibrated date 

(ybp) 
Species 

T2019.2.154.1 185913 20 375 25 444 M. californicus 

T2019.2.144.1 185912 20 145 20 131 T. bottae 

T2019.2.90.1 185925 20 240 25 288 T. bottae 

T2019.2.128.1 185910 30 955 25 848 M. californicus 

T2019.2.359.1 185921 30 1850 30 1760 T. bottae 

T2019.2.485.1 185923 30 285 30 382 T. bottae 

T2019.2.96.1 185926 30 880 30 772 T. bottae 

T2019.2.162.1 185915 40 370 20 443 M. californicus 

T2019.2.57.1 185924 40 300 25 389 M. californicus 

T2019.2.18.1 185916 80 1330 20 1273 Leporidae 

T2019.2.205.1 185918 90 810 25 708 M. californicus 

T2019.2.205.2 185919 90 815 25 715 M. californicus 

T2019.2.212.1 185920 90 795 20 700 N. fuscipes 

T2019.2.213.1 186317 90 315  25 389 T. bottae 

T2019.2.142.1 185911 90 330 20 380 T. bottae 

T2019.2.469.1 185922 90 365 25 428 T. bottae 

T2019.2.160.1 185914 100 790 25 703 N. fuscipes 

T2019.2.201.1 185917 100 320 25 388 T. bottae 
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Figure 2.1: Boxplot of 50% calibrated radiocarbon dates from T. bottae (N = 9) and non-

fossorial small mammal (N = 9) incisors. Significance (p = 0.04) based on Wilcoxon test. 

 

 
Figure 2.2: Age-depth models for the Jasper Ridge Site based on T. bottae (grey with 

dashed-line) and non-fossorial small mammals (blue with solid line) bone samples. 

Shading shows the 95% credible intervals for each model. Calibrated radiocarbon dates 

and their 95% confidence intervals are likewise plotted in grey (with triangular points) 

for T. bottae and blue (with circular points) for non-fossorial small mammals.  
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2.5  Discussion 

Pocket gophers are known to burrow from a few centimeters to more than a meter 

below surface in archaeological sites and therefore may mix sediments, artifacts, and 

bones of different ages. Not only does this possible mixing complicate site stratigraphy 

and interpretation, but it can also contribute modern gopher skeletal elements to older 

archaeological deposits. At the Jasper Ridge Site, we found that pocket gopher bones are 

indeed younger than those of other small mammals at the same depths, and that this bias 

increases with depth. This relative difference suggests that some pocket gophers die in 

their burrows and are therefore younger than the surrounding sediment. Our results also 

support Bocek’s (1986) hypothesis that most object displacement occurs in the heavily 

trafficked “rodent zone” in the top ~30 cm of soil, as the gopher and non-fossorial small 

mammal dates have wider variation and fall farther from the 95% credible interval of the 

age model at the top of the deposit. Below the typical burrowing depth of gophers, 

around 15-30 cm for feeding tunnels and more than 50 cm for dens (Bocek, 1986), we are 

less likely we are to see overlap between gopher and non-gopher dates.  

Pocket gopher incisors also encompassed a wider age range (with a high standard 

deviation) than that of non-fossorial small mammals. Both the oldest and youngest small 

mammal incisors included in this analysis were from pocket gophers (Table 2.2; Figures 

2.1 and 2.2). This implies that although younger gopher remains were added to the site 

post-deposition, pocket gophers were also present in the area at the time of site formation. 

In contrast, non-fossorial small mammals were only added to the deposit while the site 

was active. Despite their relatively young dates, many of the T. bottae remains may still 

be archaeological. The youngest pocket gopher sample (T2019.2.144.1) likely reflects an 
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intrusion from a modern gopher, as the site was unlikely to be active in 1819 CE, the 

calibrated age for this individual. However, others, especially those found deeper in the 

deposit, may reflect pocket gophers who were contemporary with the site’s formation but 

are still found deeper than expected due to burrowing. For example, a contemporaneous 

vole and pocket gopher could appear 30 cm vertically apart from each other in the 

archaeological record, since the former resided on the sediment’s surface, while the latter 

lived and died at depth. Conversely, a vole and pocket gopher that appear at the same 

depth may have died hundreds of years apart, as we see at 90 cm below the surface 

(Figure 2.2).  

Strikingly, we see that at the less-disturbed, deeper levels, the 50% credible 

interval for calibrated radiocarbon dates cluster tightly by depth and small mammal 

taxonomic identity. At 90 cm depth three pocket gopher dates are tightly clustered (380-

428 cal ybp) with overlapping credible intervals (Table 2.2, Figure 2.2). Similarly, three 

dates from two non-fossorial small mammal species (N. fuscipes and M. californicus) are 

very tightly clustered (700-715 cal ypb). This illustrates that there is less bioturbation at 

the bottom of the deposit and suggests that both pocket gophers and non-fossorial small 

mammals are in-situ at these levels, with non-fossorial small mammals being buried at 

the surface and gophers dying in their burrows.  

While the age models (especially for non-fossorial mammals) show increasing 

age with depth, there are some pocket gopher and other small mammal dates at shallow 

depths that are much older than predicted by the models (Figure 2.2). This is likely 

caused by sequential bioturbation over time, as pocket gophers may also tend to displace 

smaller objects upward (Robertson and Johnson, 2001; Bocek, 1986). The radiocarbon 
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dates also suggest that the Jasper Ridge Site may have been occupied longer than 

originally suspected by Bocek (1986). Bocek (1986) postulated that the site was occupied 

for only a short time during the Late Horizon, around 1000 ybp. While our dates confirm 

a late occupation, they are abundant from ~300 to 900 ypb and extend to 1850 ybp, 

although this date may be an outlier. 

Many soil fauna bioturbate archaeological and paleontological sediments and 

cause the displacement of artifacts (Balek, 2002). While our results are specific to pocket 

gophers, they suggest that other bioturbators, especially vertebrates who construct 

underground burrows, may similarly bias the fossil and subfossil record. Non-gopher 

small mammals demonstrate that the law of superposition largely holds in an open-air 

Holocene site, despite evidence of pocket gopher bioturbation and intrusion. Importantly, 

our results show that even in archaeological sites which have been disturbed by pocket 

gophers, the deposits can retain enough stratigraphic signal to have meaningful age-depth 

relationships.  

2.6  Conclusions 

Our results shed light on the effect of small mammal burrowing, a common 

taphonomic process that impacts archaeological and paleontological sites around the 

world and which may limit our ability to reconstruct past animal communities. 

Additionally, caution is advised when using pocket gopher bones to date sites, similar to 

the “old wood effect” where radiocarbon dates from charcoal may be far older than 

expected (Schiffer, 1986). We show that pocket gopher remains may be hundreds of 

years younger than other small mammals at the same depths and that this bias is 

especially prevalent below 40 cm, consistent with their burrowing behavior. Despite this, 
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our pocket gopher remains confirm that the age of the deposit does increase with depth. 

Our well-constrained age model based on the non-fossorial small mammals suggests that 

non-digging fauna retain a consistent temporal signal with depth. Thus, pocket gophers 

are disturbing their own stratigraphic record more than the rest of the assemblage. In 

open-air sites, pocket gophers (and potentially the remains of other fossorial small 

mammals) should not be lumped with other small mammal remains for community-level 

analyses unless radiocarbon dating demonstrates that they are contemporaneous with 

other faunal remains at the same depths.  
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3.1  Abstract 

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 

archaeological sites along a human modification gradient in the San Francisco Bay Area, 
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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.  

Keywords: small mammals, community ecology, protected areas, raptor pellets, 

biodiversity, urbanization, archaeological record 

3.2  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 

https://www.zotero.org/google-docs/?LEQgrD
https://www.zotero.org/google-docs/?LEQgrD
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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 (Brashares et al. 2001; Friedlander 

et al. 2007; Gaston et al. 2008; Gurd et al. 2001; Newmark 1987; Peres 2005; Terborgh 

and Soule 1999). 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 the cities of Stanford and Palo Alto. Jasper Ridge 

is separated from these cities by open agricultural lands, golfing greens, and suburban 

housing and businesses (Figure 3.1). We surveyed small mammals along this gradient of 

human modification and compared them to their Holocene abundances using local 

zooarchaeological data. We aimed to differentiate the spatial and temporal effects of the 

Anthropocene on small mammal communities. This is directly relevant to conservation 

because it will distinguish the specific impacts of different land uses – which may still be 

mitigated by altering modern land management practices – versus the broader-scale 

https://www.zotero.org/google-docs/?eM2w8n
https://www.zotero.org/google-docs/?gUs3iR
https://www.zotero.org/google-docs/?oyoJQ8
https://www.zotero.org/google-docs/?oyoJQ8
https://www.zotero.org/google-docs/?oyoJQ8
https://www.zotero.org/google-docs/?JuSHTb
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changes intrinsic to the Anthropocene which are past 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?  

Small mammals are the 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 (Blois et al. 2010; Cardillo et al. 2005; Dirzo et al. 2014; Lyons et al. 2004; Smith et 

al. 2018). As a result, they have remained taxonomically stable in many places of the 

American West over thousands of years (Blois et al. 2010; Fox 2020; Hadly et al. 2009; 

Kirkland 1990; McGill et al. 2005; Rowe 2007; Rowe and Terry 2014; Stegner 2016; 

Terry 2010). 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 

https://www.zotero.org/google-docs/?A9Sz5h
https://www.zotero.org/google-docs/?4Hgovi
https://www.zotero.org/google-docs/?uAoCcE
https://www.zotero.org/google-docs/?M6lQXm
https://www.zotero.org/google-docs/?M6lQXm
https://www.zotero.org/google-docs/?G9MCTv
https://www.zotero.org/google-docs/?G9MCTv
https://www.zotero.org/google-docs/?G9MCTv
https://www.zotero.org/google-docs/?v1llA9
https://www.zotero.org/google-docs/?v1llA9
https://www.zotero.org/google-docs/?Ni6SEb
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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; Schap et al. 2021; Tammone et al. 2020). In addition, ecological 

studies across human impact gradients in the Anthropocene show that disturbance 

increases the relative abundance of non-native, human-commensal, and disturbance-

tolerant small mammal species at the cost of more sensitive native species (Balestrieri et 

al. 2019; Bolger et al. 1997; Clark and Bunck 2011; Sauvajot et al. 1998). While species 

may be lost in modified spaces, the addition of disturbance-tolerant and/or human-

commensal small mammals may numerically balance out these losses. Therefore, species 

richness may be maximized in areas of intermediate disturbance where small mammals 

with different tolerances can co-occur (Racey and Euler 1982). However, the dominance 

of disturbance-tolerant taxa may decrease the evenness of small mammal communities in 

impacted areas (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 

https://www.zotero.org/google-docs/?Ni6SEb
https://www.zotero.org/google-docs/?Cy0AZA
https://www.zotero.org/google-docs/?3l5L8z
https://www.zotero.org/google-docs/?3l5L8z
https://www.zotero.org/google-docs/?59FwYp
https://www.zotero.org/google-docs/?59FwYp
https://www.zotero.org/google-docs/?iPq1Gw
https://www.zotero.org/google-docs/?6Q0toO
https://www.zotero.org/google-docs/?Z6K1Gu
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hypothesize that small mammal communities along this gradient will experience 

increased species richness but reduced evenness at modified sites, and that more modified 

sites will be characterized by human-commensal and disturbance-tolerant small mammal 

species. 

While humans have been modifying environments for at least 12,000 years in 

North America, Holocene paleontological (i.e., non-human associated) and 

archaeological (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; Barnosky et al. 2017; Dietl et al. 2015; Dietl and 

Flessa 2011; Hadly 1996; Kidwell 2015; Lyman 2012; Rick and Lockwood 2013; 

Wolverton and Lyman 2012). However, Holocene specimens from the rich 

archaeological record of North America are underutilized for their conservation potential 

(Wolverton and Lyman 2012). To leverage zooarchaeological specimens in conservation 

decision-making, we must ascertain whether differences between modern small mammal 

communities and their archaeofaunal records indicate environmental change rather than 

taphonomic bias. 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 an impacted site was more dissimilar to its 

paleontological baseline than a less modified site was to its baseline (Rowe et al. 2014; 

Terry 2010). We apply a similar method to determine whether mismatches between 

zooarchaeological and modern small mammal communities can capture landscape 

alteration between the late Holocene and Anthropocene in a more urban context. We 

https://www.zotero.org/google-docs/?yXPvx7
https://www.zotero.org/google-docs/?yXPvx7
https://www.zotero.org/google-docs/?yXPvx7
https://www.zotero.org/google-docs/?v3tqNv
https://www.zotero.org/google-docs/?2U2Goy
https://www.zotero.org/google-docs/?7tVNWL
https://www.zotero.org/google-docs/?ZOPj1V
https://www.zotero.org/google-docs/?P17Y56
https://www.zotero.org/google-docs/?P17Y56
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additionally test whether small mammal remains from archaeological 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 zooarchaeological records can act as an effective and efficient 

tool for providing paleoenvironmental baselines.  

3.2.1  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 30x30 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 

https://www.zotero.org/google-docs/?4Gtf5C
https://www.zotero.org/google-docs/?5LgT47
https://www.zotero.org/google-docs/?l9DseH
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controlled burns conducted by the native Ohlone people and causing a dramatic shift in 

the prevailing fire regime of the region (Anderson 2005; Bocek and Reese 1992). 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 expect differences in small mammal 

communities between the Holocene and today due to post-colonial land modification. 

However, we predict that differences will be less pronounced at sites that are under less 

pressure from human impacts today. 

3.3  Methods 

 

3.3.1  Anthropocene pellet collection and data 

We estimated modern small mammal community composition using bones and 

teeth dissected from raptor pellets. Barn owls (Tyto 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 

(Andrade et al. 2016; Hadly 1999). We assume our pellets were primarily deposited by T. 

alba based on their size and morphology, but we did not verify this by monitoring roosts. 

However, a previous study has shown that raptor pellets accurately reflect local small 

mammal community composition regardless of raptor identity (Viteri et al. 2021).  

Tyto alba pellets were collected intermittently from 1999 to 2021 along a short 

(~8 km long) human modification gradient on Stanford Lands (Figure 3.1). We analyzed 

https://www.zotero.org/google-docs/?MWrAQL
https://www.zotero.org/google-docs/?r5Imu3
https://www.zotero.org/google-docs/?ZDn3Hy
https://www.zotero.org/google-docs/?PiVkHY
https://www.zotero.org/google-docs/?Jtchss
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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 3.1). 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. 

3.3.2  Holocene sites and data 

We used subfossil records from three late-Holocene archaeological sites to 

provide a baseline of past small mammal community composition on Stanford Lands 

(Figure 3.1). 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. During 

the Holocene, these sites were located in a 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). For all sites we sorted and identified 

small mammal remains both from faunal bags and heavy fraction materials. All materials 

from these sites are stored and accessioned at the Stanford University Archaeology 

Collections.  

https://www.zotero.org/google-docs/?qzNNwZ


56 

 

The Jasper Ridge Site (CA-SMA-204) is located in the foothills of the Santa Cruz 

Mountains, 1.4 km downstream of the confluence of San Francisquito Creek and Bear 

Creek (Bocek 1987; Figure 3.1). 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 1x2-meter units and 10 

cm levels and passed through a ¼ inch screen (Bocek 1987). The identifiable remains 

larger than ¼ 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 3.1). The 

site was excavated by Laura Jones, Stanford University Archaeologist, and her team in 

2015. In the Holocene, Piers Lane would have been next to chaparral, oak woodlands, 

and oak grasslands (Brown 1963). Radiocarbon dating of charcoal resulted in dates of 

2470 (± 30) and 220 (± 30) ybp from depths of ~1 m and 40 cm, respectively. Eighteen 

units were excavated in 10 cm levels until sterile soil was reached (~1.5 m) and passed 

through a ⅛ inch screen. For each excavation level and unit, faunal material larger than ⅛ 

inch was separated by identifiable vs. unidentifiable bone while smaller material was 

separated by flotation.  

Stanford West is a large site (~12,000 m2) in Palo Alto, CA (Figure 3.1) that was 

excavated in the early 1990s following the same methods as the Jasper Ridge Site 
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excavation (Bocek 1987). The site would have been adjacent to oak savannah, grasslands, 

chaparral, and marshland (Brown 1963). 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.  

3.3.3  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 (version 3.2.0; Figure 3.1).   

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 and livestock grazing area (Bocek and Reese, 1992). The preserve also 

https://www.zotero.org/google-docs/?unb0ex
https://www.zotero.org/google-docs/?unb0ex
https://www.zotero.org/google-docs/?tPKTgY
https://www.zotero.org/google-docs/?tPKTgY
https://www.zotero.org/google-docs/?qjdS3I
https://www.zotero.org/google-docs/?mjZ9jq
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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 3.1).  

Our “Middle” study area, both in terms of geography and human modification 

level, is Stanford’s Student Observatory. The Observatory is located between Jasper 

Ridge and Stanford campus and represents moderate human impact (Human Impact 

Score = 0.698; Figure 3.1). 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 3.1). 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 (Stanford Facts 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 Facts 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 

https://www.zotero.org/google-docs/?WXjb1g
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non-native plants. The human modification scores of the Stanford campus sites range 

from 0.805 to 0.845.  

 

 

Figure 3.1: (A) Street view and (B) human modification maps of the study region. Pellet 

collection sites are represented as open circles in B. The human modification scale ranges 

from 0-1, where 1 is completely transformed landscapes (Theobald et al., 2013). 

 

3.3.4  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. 
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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 1000 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. 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 

https://www.zotero.org/google-docs/?q4BKhy
https://www.zotero.org/google-docs/?bwYkqS
https://www.zotero.org/google-docs/?OAwAfQ
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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 to test whether community 

turnover was more pronounced in more modified study areas. To account for 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 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 rotates the NMDS 

axes such that axis 1 explains the dominant 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 plot. 

 

https://www.zotero.org/google-docs/?4M70cw
https://www.zotero.org/google-docs/?broken=NjYJjo
https://www.zotero.org/google-docs/?iK0dno
https://www.zotero.org/google-docs/?VLph18
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Table 3.1: Small mammal abundances (cranial NISP) in each study area and time bin.  
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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). 

3.4  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 3.1). 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 3.1). 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 3.2). 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 

3.3). While significant p-values differentiating Anthropocene Stanford Campus from 

Holocene sites and Anthropocene Jasper Ridge are reported in Figure 3.3, 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. The Middle 

https://www.zotero.org/google-docs/?broken=viWWGE
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Anthropocene study area is likely not significant because of the low number of replicates 

(2). 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 3.3). Additionally, the Holocene Jasper Ridge Site is more 

similar (lower Bray-Curtis dissimilarity) to the modern Jasper Ridge pellets than either 

Piers Lane or Stanford West is to their modern geographical equivalents (Figure 

3.4). Only Stanford and Jasper Ridge are significantly different with Holm p-value 

correction (p-value = 0.048), likely due to the low replicates of the Middle study area. 

All three 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), likely due to the relatively small number of Piers Lane excavation units.  

However, visual comparison with NMDS shows that the groups are indeed distinct, 

especially the Jasper Ridge and Stanford West sites (Figure 3.5A).  

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 3.5B), likely 

because these species partially drove their separation in Figure 3.5A. Stanford Campus 

and Middle as well as all Holocene sites are therefore combined for NMDS visualization 
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and further analysis (Figure 3.5B). 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 (homogeneity of dispersion assumption 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 3.5B). 

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. 
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Figure 3.2: 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 1000 

iterations), and (C) 

probability of interspecific 

encounter values. Points are 

colored based on their 

human modification score 

according to the scale in 

Figure 3.1. 
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Figure 3.3: Quantification of 

alpha diversity using (A) 

Shannon diversity, (B) 

shareholder quorum 

subsampling (with a quorum 

of 0.7 and 1000 iterations), 

and (C) probability of 

interspecific encounter across 

Holocene and Anthropocene 

sites (JR = Jasper Ridge, MI = 

Middle, and SC = Stanford 

Campus). Anthropocene 

points colored based on 

human modification scores 

according to the scale in 

Figure 3.1. Scores and colors 

were averaged when multiple 

collection sites were binned. 

Pairwise comparisons done 

using a Wilcoxon test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



68 

 

 

Figure 3.4: Boxplot of Bray-Curtis dissimilarities between Anthropocene collection sites 

and their corresponding Holocene archaeological site by study area. Pairwise significance 

based on a Wilcoxon test. 

 



69 

 

 

Figure 3.5: NMDS plots of A) Holocene sites by unit, and B) Anthropocene (binned by 

collection year) and Holocene (binned in 30-cm levels) sites. For B, only groupings with 

significant differences are shown. Anthropocene Stanford campus and Anthropocene 

Middle as well as all Holocene sites are grouped together because they are not 

significantly different from each other. 

 

3.5  Discussion 

Our results show that the species richness of small mammal communities declines 

across gradients of human modification (Figure 3.2) in contrast to previous studies which 

suggest that areas with moderate disturbance have the highest diversity (e.g., Racey and 

https://www.zotero.org/google-docs/?sEYzS4
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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 

3.2), likely due to the dominance of disturbance-tolerant and human-commensal species 

which are associated with more modified sites. This 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 (Figure 3.3). 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 3.5A). 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 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 1963, Carraway and Verts, 1991; 

Chaudhary et al. 2021; Heske et al. 1997). 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 1963). The significant differences in small mammal communities between 

Holocene sites (Figure 3.5A) in combination with the correspondence of indicator species 

with local habitat variation suggests that small mammal remains from archaeological 

https://www.zotero.org/google-docs/?sEYzS4
https://www.zotero.org/google-docs/?JWAXD5
https://www.zotero.org/google-docs/?JWAXD5
https://www.zotero.org/google-docs/?8ojfRT
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sites retain an environmental signal. Therefore, small mammal relative abundances from 

Holocene archaeological 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 (Figure 3.2). 

However, despite being a small preserve with a history of disturbance, Anthropocene 

Jasper Ridge retains Holocene levels of alpha diversity (Figure 3.3). Anthropocene Jasper 

Ridge also matches its Holocene community composition much more closely than both 

the Middle and Stanford Campus communities resemble theirs (Figure 3.4). This both 

confirms that Jasper Ridge is able to partially conserve small mammal diversity and 

shows that higher discordance between archaeological baselines and modern small 

mammal communities indicate 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 3.5B). 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 3.5B). 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 (Balestrieri et al. 2019; Clark and Bunck 

2011; Quinn et al. 2018; Sauvajot et al. 1998). The other indicator species for Jasper 

https://www.zotero.org/google-docs/?6CrMCB
https://www.zotero.org/google-docs/?6CrMCB
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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). This particular site may also be too 

xeric to be optimal for Mi. californicus (Laurance and Coan 1987; Lawrence 1996). The 

foraging radius of barn owls is typically 2.5-3 km, which suggests some possible overlap 

between different modern collection areas (Purger and Szép 2022; Taberlet 1983). This 

may especially explain the nested relationship between the Middle and Stanford Campus 

sites. However, 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 3.1). 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 cf. ornatus thrive in low, dense vegetation that 

may have been rare around the Holocene sites due to frequent controlled burns by the 

https://www.zotero.org/google-docs/?UzpyNY
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Ohlone (Anderson 2005; Owen and Hoffmann 1983). 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 3.1; Chaudhary et al. 2021; Quinn 1990). 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 Zoology show that he trapped C. 

californicus on Stanford Lands in the early 1900s (Grinnell 1906). 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 don’t 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 3.1). However, this serves to strengthen 

our findings as even this conservative human modification gradient produces stark 

https://www.zotero.org/google-docs/?4DisBz
https://www.zotero.org/google-docs/?Vn1tLp
https://www.zotero.org/google-docs/?FkU1Hl
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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 zooarchaeologists exclude small mammals in their interpretations 

of human foraging patterns because they assume that they are not significant components 

of past human diets (Broughton 2002; Pastron et al. 1988; Wake 2012). Bocek (1987) 

argued that small mammal were likely added via non-human processes at the Jasper 

Ridge Site due to only 2% of rodent 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 archaeological sites, this would make our 

Holocene deposits quite comparable to the Anthropocene ones. However, even if small 

mammals entered the archaeological 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). Therefore, we assume that small mammal 

archaeofaunal 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. 2022). 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 

https://www.zotero.org/google-docs/?jDb7iG
https://www.zotero.org/google-docs/?Gh8Juc
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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 3.1). 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 (Bocek and Reese 1992; 

Carraway and Verts 1991). 

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 

https://www.zotero.org/google-docs/?Ptz4a7
https://www.zotero.org/google-docs/?Ptz4a7
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practically (Terry 2008; Terry 2010). However, century-scale time-averaging can enrich 

richness and evenness in comparison to living communities (Terry 2008; Terry 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 archaeological sites during 

the Holocene (Bocek and Reece 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.  

https://www.zotero.org/google-docs/?fGErW5
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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 

https://www.zotero.org/google-docs/?mqF82C
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previous critiques of space-for-time substitutions which argue that this widely used 

method can vastly underestimate human impacts on today’s ecosystems (Attinello 2021; 

Damgaard 2019; França et al. 2016). 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. 

3.6  Conclusions 

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. 

3.7  Acknowledgements 

We would like to thank many interns for their help sorting small mammal remains 

including: Katherine Recinos, Carson Conley, Mahpiya Vanderbilt, and Liraz Bistriz. We 

would also like to thank the efforts of Jasper Ridge docent Targe Lindsay in collecting 

and dissecting pellets. Thanks to the staff of Jasper Ridge Biological Preserve, especially 

Nona Chiariello, Steve Gomez, and Trevor Hebert, and the staff of the Stanford 

University Archaeology Collections, including Christina Hodge and Veronica Jacobs-

https://www.zotero.org/google-docs/?XqiBUC
https://www.zotero.org/google-docs/?XqiBUC


79 

 

Edmondson. Thank you to David Theobald for permission to use the human modification 

map which was invaluable to this project. Thank you to Laura Jones, Tony Barnosky, 

Rodolfo Dirzo, Avery Hill, Katie Solari, Kelly Chauvin, Diane Gifford-Gonzalez, and M. 

Allison Stegner for helpful feedback and guidance. Funding was provided through the 

National Science Foundation’s Graduate Research Fellowship Program (DGE-1656518) 

and the Paleontological Society’s Currano Scholarship Student Research Award. 

We additionally acknowledge that this work was conducted on the ancestral lands 

of the Muwekma Ohlone people and directly relied on the analysis of their cultural 

materials. We acknowledge and thank them for access to these materials. 

3.7  References 

Alroy, J. (2010). Fair Sampling of Taxonomic Richness and Unbiased Estimation of 

Origination and Extinction Rates. The Paleontological Society Papers 16, 55–80. 

doi:10.1017/S1089332600001819. 

Amorosi, T., Woollett, J., Perdikaris, S., and McGovern, T. (1996). Regional 

Zooarchaeology and Global Change: Problems and Potentials. World Archaeology 

28, 126–157. 

Anderson, M. K. (2005). Tending the wild: Native American knowledge and the 

management of California’s natural resources. University of California Press. 

Andrade, A., de Menezes, J. F. S., and Monjeau, A. (2016). Are owl pellets good 

estimators of prey abundance? Journal of King Saud University - Science 28, 239–

244. doi:10.1016/j.jksus.2015.10.007. 

Attinello, K. (2021). A Test of the Space-For-Time Substitution Hypothesis: North 

American Bird Responses to Forest Loss over Space do not Predict Their 

Responses Over Time. 

Avenant, N. (2011). The potential utility of rodents and other small mammals as 

indicators of ecosystem ‘integrity’ of South African grasslands. Wildl. Res. 38, 626–

639. doi:10.1071/WR10223. 

Balestrieri, A., Gazzola, A., Formenton, G., and Canova, L. (2019). Long-term impact of 

agricultural practices on the diversity of small mammal communities: a case study 

based on owl pellets. Environ Monit Assess 191, 725. doi:10.1007/s10661-019-

7910-5. 

Barnosky, A. D. (2014). Palaeontological evidence for defining the Anthropocene. 

Geological Society, London, Special Publications 395, 149–165. 

doi:10.1144/SP395.6. 

https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


80 

 

Barnosky, A. D., Hadly, E. A., Gonzalez, P., Head, J., Polly, P. D., Lawing, A. M., et al. 

(2017). Merging paleobiology with conservation biology to guide the future of 

terrestrial ecosystems. Science 355, eaah4787. doi:10.1126/science.aah4787. 

Barnosky, A. D., Matzke, N., Tomiya, S., Wogan, G. O. U., Swartz, B., Quental, T. B., et 

al. (2011). Has the Earth’s sixth mass extinction already arrived? Nature 471, 51–

57. doi:10.1038/nature09678. 

Barnosky, E. H. (1994). Ecosystem dynamics through the past 2000 years as revealed by 

fossil mammals from Lamar cave in Yellowstone National Park, USA. Historical 

Biology 8, 71–90. doi:10.1080/10292389409380472. 

Biswell, H.H. (1967). The use of fire in wildland management in California. Natural 

Resources: Quality and Quantity, pp.71-87. 

Blair, R. B. (1999). Birds and Butterflies Along an Urban Gradient: Surrogate Taxa for 

Assessing Biodiversity? Ecological Applications 9, 164–170. doi:10.1890/1051-

0761(1999)009[0164:BABAAU]2.0.CO;2. 

Blois, J. L., McGuire, J. L., and Hadly, E. A. (2010). Small mammal diversity loss in 

response to late-Pleistocene climatic change. Nature 465, 771–774. 

doi:10.1038/nature09077. 

Bocek, B. (1986). Rodent Ecology and Burrowing Behavior: Predicted Effects on 

Archaeological Site Formation. American Antiquity 51, 589–603. 

doi:10.2307/281754. 

Bocek, B. (1987) Hunter-gatherer ecology and settlement mobility along San 

Francisquito Creek. [dissertation thesis]. [Stanford (CA)]: Stanford University 

Bocek, B., and Reese, E. (1992). Land use history of Jasper Ridge Biological Preserve. 

Jasper Ridge Biological Preserve, Stanford University. 

Bolger, D. T., Alberts, A. C., Sauvajot, R. M., Potenza, P., McCalvin, C., Tran, D., et al. 

(1997). Response of Rodents to Habitat Fragmentation in Coastal Southern 

California. Ecological Applications 7, 552–563. doi:10.2307/2269520. 

Brashares, J. S., Arcese, P., and Sam, M. K. (2001). Human demography and reserve size 

predict wildlife extinction in West Africa. Proc. R. Soc. Lond. B 268, 2473–2478. 

doi:10.1098/rspb.2001.1815. 

Broughton, J. M. (2002). Prey spatial structure and behavior affect archaeological tests of 

optimal foraging models: Examples from the Emeryville Shellmound vertebrate 

fauna. World Archaeology 34, 60–83. doi:10.1080/00438240220134269. 

Brown, A. K. (1964). Palo Alto in the late 1840s from later surveys and other sources. 

Stanford (Calif.) Stanford University map collection, 1853-1997 

Cardillo, M., Mace, G. M., Jones, K. E., Bielby, J., Bininda-Emonds, O. R. P., Sechrest, 

W., et al. (2005). Multiple Causes of High Extinction Risk in Large Mammal 

Species. Science. doi:10.1126/science.1116030. 

Carraway, L. N., and Verts, B. J. (1991). Neotoma fuscipes. Mammalian Species, 1–10. 

doi:10.2307/3504130. 

Ceballos, G., Ehrlich, P. R., and Dirzo, R. (2017). Biological annihilation via the ongoing 

sixth mass extinction signaled by vertebrate population losses and declines. 

Proceedings of the national academy of sciences 114, E6089–E6096. 

Chaudhary, V., Tietje, W. D., Polyakov, A. Y., Rolland, V., and Oli, M. K. (2021). 

Factors driving California pocket mice (Chaetodipus californicus) population 

dynamics. Journal of Mammalogy 102, 1353–1364. 

https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


81 

 

Clark, D., and Bunck, C. (2011). Trends in North American small mammals found in 

common barn-owl (Tyto alba) dietary studies. Canadian Journal of Zoology 69, 

3093–3102. doi:10.1139/z91-435. 

Connor, E. F., Hafernik, J., Levy, J., Lee Moore, V., and Rickman, J. K. (2002). Insect 

Conservation in an Urban Biodiversity Hotspot: The San Francisco Bay Area. 

Journal of Insect Conservation 6, 247–259. doi:10.1023/A:1024426727504. 

Cooper, W. S. (1926). Vegetational Development Upon Alluvial Fans in The Vicinity of 

Palo Alto, California. Ecology 7, 1–30. doi:10.2307/1929116. 

Cowling, R. M., and Bond, W. J. (1991). How small can reserves be? An empirical 

approach in Cape Fynbos, South Africa. Biological Conservation 58, 243–256. 

doi:10.1016/0006-3207(91)90094-P. 

Dalquest, W.W. and Orcutt, D.R. (1942). The biology of the least shrew-mole, 

Neurotrichus gibbsii minor. The American Midland Naturalist, 27, 387-401. 

doi:10.2307/2421007 

Damgaard, C. (2019). A Critique of the Space-for-Time Substitution Practice in 

Community Ecology. Trends in Ecology & Evolution 34, 416–421. 

doi:10.1016/j.tree.2019.01.013. 

Davis, E. B. (2005). Mammalian beta diversity in the Great Basin, western USA: 

palaeontological data suggest deep origin of modern macroecological structure. 

Global Ecology and Biogeography 14, 479–490. doi:10.1111/j.1466-

822x.2005.00183.x. 

Dietl, G. P., and Flessa, K. W. (2011). Conservation paleobiology: putting the dead to 

work. Trends in Ecology & Evolution 26, 30–37. doi:10.1016/j.tree.2010.09.010. 

Dietl, G. P., Kidwell, S. M., Brenner, M., Burney, D. A., Flessa, K. W., Jackson, S. T., et 

al. (2015). Conservation Paleobiology: Leveraging Knowledge of the Past to Inform 

Conservation and Restoration. Annual Review of Earth and Planetary Sciences 43, 

79–103. doi:10.1146/annurev-earth-040610-133349. 

Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B., and Collen, B. (2014). 

Defaunation in the Anthropocene. Science 345, 401–406. 

doi:10.1126/science.1251817. 

Draft Pathways to 30x30. (2022). https://www.californianature.ca.gov/pages/30x30 

[Accessed 2.28.22]. 

Ellis, E.C., Gauthier, N., Klein Goldewijk, K., Bliege Bird, R., Boivin, N., Díaz, S., 

Fuller, D.Q., Gill, J.L., Kaplan, J.O., Kingston, N. and Locke, H. (2021). People 

have shaped most of terrestrial nature for at least 12,000 years. Proceedings of the 

National Academy of Sciences, 118(17), p.e2023483118. 

Fox, N. S. (2020). Community Ecology, Stable Isotope Ecology, and Taxonomy of Small 

Mammal Fossils from Rancho La Brea, Los Angeles, Ca. Available at: 

https://www.proquest.com/docview/2449482090/abstract/DF352678B2C04B4CPQ/

1 [Accessed November 23, 2021]. 

Fraixedas, S., Roslin, T., Antão, L. H., Pöyry, J., and Laine, A.-L. (2022). Nationally 

reported metrics can’t adequately guide transformative change in biodiversity 

policy. Proceedings of the National Academy of Sciences 119, e2117299119. 

França, F., Louzada, J., Korasaki, V., Griffiths, H., Silveira, J. M., and Barlow, J. (2016). 

Do space-for-time assessments underestimate the impacts of logging on tropical 

https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
file:///C:/Users/chais/Downloads/Frontiers_Word_Templates/Frontiers_Word_Templates/30x30.%20(2022).%20https:/www.californianature.ca.gov/pages/30x30%20%5bAccessed%202.28.22%5d
file:///C:/Users/chais/Downloads/Frontiers_Word_Templates/Frontiers_Word_Templates/30x30.%20(2022).%20https:/www.californianature.ca.gov/pages/30x30%20%5bAccessed%202.28.22%5d
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


82 

 

biodiversity? An Amazonian case study using dung beetles. J Appl Ecol 53, 1098–

1105. doi:10.1111/1365-2664.12657. 

Friedlander, A. M., Brown, E. K., and Monaco, M. E. (2007). Coupling Ecology and Gis 

to Evaluate Efficacy of Marine Protected Areas in Hawaii. Ecological Applications 

17, 715–730. doi:10.1890/06-0536. 

Gaston, K., Jackson, S., Cantú-Salazar, L., and Cruz-Piñón, G. (2008). The Ecological 

Performance of Protected Areas. Annual Review of Ecology Evolution and 

Systematics 39, 93–113. doi:10.1146/annurev.ecolsys.39.110707.173529. 

Gilbert, B. M. (1980). Mammalian osteology. Missouri Archaeological Society 

Columbia. 

Grinnell, J. (1901) Field notes. MVZA.MSS.0005, Museum of Vertebrate Zoology 

Archives, University of California, Berkeley. 

Gurd, D. B., Nudds, T. D., and Rivard, D. H. (2001). Conservation of Mammals in 

Eastern North American Wildlife Reserves: How Small Is Too Small? 

Conservation Biology 15, 1355–1363. doi:10.1111/j.1523-1739.2001.00188.x. 

Hadly, E. A. (1996). Influence of Late-Holocene Climate on Northern Rocky Mountain 

Mammals. Quaternary Research 46, 298–310. doi:10.1006/qres.1996.0068. 

Hadly, E. A. (1999). Fidelity of terrestrial vertebrate fossils to a modern ecosystem. 

Palaeogeogr. Palaeoclimatol. Palaeoecol, 389–409. 

Heske, E.J., Ostfeld, R.S. and Lidicker Jr, W.Z. (1984). Competitive interactions between 

Microtus californicus and Reithrodontomys megalotis during two peaks of Microtus 

abundance. Journal of Mammalogy, 65(2), 271-280. 

https://doi.org/10.2307/1381166 

Hindmarch, S., and Elliott, J. E. (2015). A specialist in the city: the diet of barn owls 

along a rural to urban gradient. Urban Ecosyst 18, 477–488. doi:10.1007/s11252-

014-0411-y. 

Holl, J. (2003). Plant diversity at Jasper Ridge Biological Preserve. Fremontia. 31,1:5-10 

Jasper Ridge Biological Preserve. (2008). Jasper Ridge Biological Preserve Annual Repot 

2007-

2008.https://jrbp.stanford.edu/sites/default/files/Jasper%20Ridge%20Biological%2

0Preserve%20Annual%20Report%202008.pdf [Accessed April 7, 2022]. 

Kelly, M., Allen-Diaz, B., and Kobzina, N. (2005). Digitization of a historic dataset: the 

Wieslander California vegetation type mapping project. Madroño 52,191-201. doi: 

10.3120/0024-9637  

Kidwell, S. M. (2007). Discordance between living and death assemblages as evidence 

for anthropogenic ecological change. Proceedings of the National Academy of 

Sciences 104, 17701–17706. 

Kidwell, S. M. (2015). Biology in the Anthropocene: Challenges and insights from young 

fossil records. Proc Natl Acad Sci USA 112, 4922–4929. 

doi:10.1073/pnas.1403660112. 

Kirkland, G. L. (1990). Patterns of Initial Small Mammal Community Change after 

Clearcutting of Temperate North American Forests. Oikos 59, 313–320. 

doi:10.2307/3545141. 

Kross, S. M., Bourbour, R. P., and Martinico, B. L. (2016). Agricultural land use, barn 

owl diet, and vertebrate pest control implications. Agriculture, Ecosystems & 

Environment 223, 167–174. doi:10.1016/j.agee.2016.03.002. 

https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://doi.org/10.2307/1381166
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


83 

 

Laurance, W.F. and Coan, M.E. (1987). Microhabitat and demographic correlates of tick 

parasitism in a northern Great Basin small mammal community. American Midland 

Naturalist, 1-9. 

Lawrence, G.E. (1966). Ecology of vertebrate animals in relation to chaparral fire in the 

Sierra Nevada foothills. Ecology, 47(2), 278-291. doi:10.2307/1933775 

Leempoel, K., Hebert, T. and Hadly, E.A., (2020). A comparison of eDNA to camera 

trapping for assessment of terrestrial mammal diversity. Proceedings of the Royal 

Society B, 287, 20192353. 

Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful transformations for 

ordination of species data. Oecologia 129, 271–280. doi:10.1007/s004420100716. 

Lewis, S., and Maslin, M. (2015). Defining the Anthropocene. Nature 519, 171–80. 

doi:10.1038/nature14258. 

López, J.M. and Chiavazza, H., (2019). Amidst wind, sand and raptors. Small mammal 

bone remains recovered in open-air archaeological sites from the Monte Desert in 

Central Western Argentina: taphonomic and palaeoenvironmental 

implications. Archaeological and Anthropological Sciences, 11, 5149-5169. 

López-García, J. M., Blain, H.-A., Morales, J. I., Lorenzo, C., Bañuls-Cardona, S., and 

Cuenca-Bescós, G. (2013). Small-mammal diversity in Spain during the late 

Pleistocene to early Holocene: Climate, landscape, and human impact. Geology 41, 

267–270. doi:10.1130/G33744.1. 

Lyman, R. L. (2012). A warrant for applied palaeozoology. Biological Reviews 87, 513–

525. doi:10.1111/j.1469-185X.2011.00207.x. 

Lyons, S. K., Smith, F. A., and Brown, J. H. (2004). Of mice, mastodons and men: 

human-mediated extinctions on four continents. Evol Ecol Res 6, 339–358. 

McGill, B. J., Hadly, E. A., and Maurer, B. A. (2005). Community inertia of Quaternary 

small mammal assemblages in North America. Proceedings of the National 

Academy of Sciences 102, 16701–16706. doi:10.1073/pnas.0504225102. 

Meyer, J.M., Leempoel, K., Losapio, G. and Hadly, E.A., (2020). Molecular ecological 

network analyses: an effective conservation tool for the assessment of biodiversity, 

trophic interactions, and community structure. Frontiers in Ecology and 

Evolution, 8 

Michelson, A. V., Kidwell, S. M., Boush, L. E. P., and Ash, J. L. (2018). Testing for 

human impacts in the mismatch of living and dead ostracode assemblages at nested 

spatial scales in subtropical lakes from the Bahamian archipelago. Paleobiology 44, 

758–782. doi:10.1017/pab.2018.20. 

Moloney, K.A., Levin, S.A., Chiariello, N.R. and Buttel, L. (1992). Pattern and scale in a 

serpentine grassland. Theoretical Population Biology, 41, 257-276. 

doi:10.1016/0040-5809(92)90029-S 

Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., and Kent, J. 

(2000). Biodiversity hotspots for conservation priorities. Nature 403, 853–858. 

Naeem, S., Thompson, L. J., Lawler, S. P., Lawton, J. H., and Woodfin, R. M. (1994). 

Declining biodiversity can alter the performance of ecosystems. Nature 368, 734–

737. doi:10.1038/368734a0. 

Newmark, W. D. (1987). A land-bridge island perspective on mammalian extinctions in 

western North American parks. Nature 325, 430–432. doi:10.1038/325430a0. 

https://doi.org/10.2307/1933775
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://doi-org.stanford.idm.oclc.org/10.1016/0040-5809(92)90029-S
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


84 

 

Oksanen, J. (2019). vegan: Community Ecology Package (R package Version 2.5-5) 

https://CRAN. R-project. org/package= vegan. Accessed. 

Pastron, A. G., Walsh, M. R., and Ericson, J. E. (1988). Archaeological Excavations at 

CA-SFR-113, the Market Street Shell Midden, San Francisco, California. Coyote 

Press. 

Peres, C. A. (2005). Why we need megareserves in Amazonia. Conservation Biology 19, 

728–733. 

Pickett, S. T. A. (1989). “Space-for-Time Substitution as an Alternative to Long-Term 

Studies,” in Long-Term Studies in Ecology: Approaches and Alternatives, ed. G. E. 

Likens (New York, NY: Springer), 110–135. doi:10.1007/978-1-4615-7358-6_5. 

Purger, J. J., and Szép, D. (2022). An attempt to determine the size of the Common Barn-

owl’s (Tyto alba) hunting area based on its prey composition. Avian Biology 

Research 15, 41–46. doi:10.1177/17581559211066091. 

QGIS.org. (2022). QGIS Geographic Information System. QGIS Association. 

http://www.qgis.org 

Quinn, N., Kenmuir, S., and Krueger, L. (2018). A California without Rodenticides: 

Challenges for Commensal Rodent Management in the Future. Vertebrate Pest 

Conference 28. doi:10.5070/V42811007. 

Quinn, R. D. (1990). Habitat Preferences and Distribution of Mammals in California 

Chaparral. U.S. Department of Agriculture, Forest Service, Pacific Southwest 

Research Station. 

R Core Team (2019). R: A language and environment for statistical computing. R Core 

Team (2019). R: A language and envR Foundation for Statistical Computing, 

Vienna, Austria. Available at: https://www.R-project.org/. 

Racey, G. D., and Euler, D. L. (1982). Small mammal and habitat response to shoreline 

cottage development in central Ontario. Can. J. Zool. 60, 865–880. 

doi:10.1139/z82-119. 

Rick, T. C., and Lockwood, R. (2013). Integrating Paleobiology, Archeology, and 

History to Inform Biological Conservation: Paleobiology, Archeology, and History. 

Conservation Biology 27, 45–54. doi:10.1111/j.1523-1739.2012.01920.x. 

Rissman, A. R., and Merenlender, A. M. (2008). The Conservation Contributions of 

Conservation Easements: Analysis of the San Francisco Bay Area Protected Lands 

Spatial Database. Ecology and Society 13. Available at: 

https://www.jstor.org/stable/26267937 [Accessed March 16, 2022]. 

Roberts, D.W., 2019. labdsv: Ordination and Multivariate Analysis for Ecology. R 

package version 2.0-1. https://CRAN.R-project.org/package=labdsv 

Rowe, K. C., Rowe, K. M. C., Tingley, M. W., Koo, M. S., Patton, J. L., Conroy, C. J., et 

al. (2014). Spatially heterogeneous impact of climate change on small mammals of 

montane California. Proceedings of the Royal Society B: Biological Sciences 282, 

20141857–20141857. doi:10.1098/rspb.2014.1857. 

Rowe, R. J. (2007). Legacies of Land Use and Recent Climatic Change: The Small 

Mammal Fauna in the Mountains of Utah. The American Naturalist 170, 242–257. 

doi:10.1086/518948. 

Rowe, R. J., and Terry, R. C. (2014). Small mammal responses to environmental change: 

integrating past and present dynamics. J Mammal 95, 1157–1174. doi:10.1644/13-

MAMM-S-079. 

https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
http://www.qgis.org/
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


85 

 

Salafsky, N., Salzer, D., Stattersfield, A. J., Hilton-Taylor, C., Neugarten, R., Butchart, S. 

H. M., et al. (2008). A Standard Lexicon for Biodiversity Conservation: Unified 

Classifications of Threats and Actions. Conservation Biology 22, 897–911. 

doi:10.1111/j.1523-1739.2008.00937.x. 

Salazar, G., 2020. EcolUtils: Utilities for community ecology analysis. R package version 

0.1. https://github.com/GuillemSalazar/EcolUtils 

Sauvajot, R., Buechner, M., Kamradt, D., and Schonewald, C. (1998). Patterns of human 

disturbance and response by small mammals and birds in Chaparral near urban 

development. Urban Ecosystems 2, 279–297. doi:10.1023/A:1009588723665. 

Schap, J. A., Meachen, J. A., and McGuire, J. L. (2021). Microfauna relative abundance 

since the Late Pleistocene at Natural Trap Cave, Wyoming, U.S.A. Quaternary 

International, S1040618221005590. doi:10.1016/j.quaint.2021.11.018. 

Severson, A. L., Byrd, B. F., Mallott, E. K., Owings, A. C., DeGiorgio, M., de Flamingh, 

A., et al. (2022). Ancient and modern genomics of the Ohlone Indigenous 

population of California. Proceedings of the National Academy of Sciences 119, 

e2111533119. doi:10.1073/pnas.2111533119. 

Shaffer, B.S. and Sanchez, J.L., (1994). Comparison of 1/8 ″-and 1/4 ″-mesh recovery of 

controlled samples of small-to-medium-sized mammals. American Antiquity, 59, 

525-530. 

Simms, S. R. (1987). Behavioral ecology and hunter-gatherer foraging: an example from 

the Great Basin. BAR. 

Smith, C.S., (2003). Hunter–gatherer mobility, storage, and houses in a marginal 

environment: an example from the mid-Holocene of Wyoming. Journal of 

Anthropological Archaeology, 22, 162-189. 

Smith, F. A., Smith, R. E. E., Lyons, S. K., and Payne, J. L. (2018). Body size 

downgrading of mammals over the late Quaternary. Science. 

doi:10.1126/science.aao5987. 

Stanford University. (2022). Stanford Facts. https://facts.stanford.edu/ [Accessed April 7, 

2022]. 

Stegner, M. A. (2016). Stasis and change in Holocene small mammal diversity during a 

period of aridification in southeastern Utah. The Holocene 26, 1005–1019. 

doi:10.1177/0959683616632894. 

Taberlet, P. (1983). An Estimation Of The Average Foraging Radius Of The Barn Owl 

Tyto-Alba Based Upon Rejection Pellets Analysis. Terre et la Vie 38, 171–178. 

Tammone, M. N., Lacey, E. A., and Pardiñas, U. F. (2020). Dramatic recent changes in 

small mammal assemblages from Northern Patagonia: A caution for 

paleoenvironmental reconstructions. The Holocene 30, 1579–1590. 

doi:10.1177/0959683620941096. 

Terborgh, J., and Soule, M. (1999). Why we need megareserves: large-scale networks 

and how to design them. Wild Earth 9, 66–72. 

Terry, R.C., (2008). Modeling the effects of predation, prey cycling, and time averaging 

on relative abundance in raptor-generated small mammal death 

assemblages. Palaios, 23, 402-410. 

Terry, R. C. (2009). The dead do not lie: using skeletal remains for rapid assessment of 

historical small-mammal community baselines. Proceedings of the Royal Society of 

London B: Biological Sciences, rspb20091984. doi:10.1098/rspb.2009.1984. 

https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


86 

 

Terry, R. C. (2010). On raptors and rodents: testing the ecological fidelity and 

spatiotemporal resolution of cave death assemblages. Paleobiology 36, 137–160. 

doi:10.1666/0094-8373-36.1.137. 

Theobald, D. M. (2013). A general model to quantify ecological integrity for landscape 

assessments and US application. Landscape Ecol 28, 1859–1874. 

doi:10.1007/s10980-013-9941-6. 

Theobald, D. M., Kennedy, C., Chen, B., Oakleaf, J., Baruch-Mordo, S., and Kiesecker, 

J. (2020). Earth transformed: detailed mapping of global human modification from 

1990 to 2017. Earth System Science Data 12, 1953–1972. 

Viteri, M. C., Stegner, M. A., and Hadly, E. A. (2021). Assessing the reliability of raptor 

pellets in recording local small mammal diversity. Quaternary Research, 1–10. 

doi:10.1017/qua.2021.59. 

Viteri, M., and Hadly, E. (2021). Bothersome burrowers: tracking gopher (Thomomys 

bottae) time-averaging in a late-Holocene site in California. 

doi:10.32942/osf.io/trh2k. 

Wake, T. (2012). “Interpreting New Samples from Famous Old Sites: Mammal Remains 

from the 1999 Emeryville Shellmound Excavations (CA-ALA-309 and CA-ALA-

310), with Comments on Fish and Birds,” in, 4–33. 

Walker, R. A. (2009). The Country in the City: The Greening of the San Francisco Bay 

Area. University of Washington Press. 

Wolverton, S., and Lyman, R. L. (2012). Conservation Biology and Applied 

Zooarchaeology. University of Arizona Press. 

Yasuda, M., Ishii, N., Okuda, T., and Hussein, N. A. (2003). “Small Mammal 

Community: Habitat Preference and Effects after Selective Logging,” in Pasoh: 

Ecology of a Lowland Rain Forest in Southeast Asia, eds. T. Okuda, N. Manokaran, 

Y. Matsumoto, K. Niiyama, S. C. Thomas, and P. S. Ashton (Tokyo: Springer 

Japan), 533–546. doi:10.1007/978-4-431-67008-7_37. 

Young, H. S., Dirzo, R., Helgen, K. M., McCauley, D. J., Billeter, S. A., Kosoy, M. Y., et 

al. (2014). Declines in large wildlife increase landscape-level prevalence of rodent-

borne disease in Africa. PNAS 111, 7036–7041. doi:10.1073/pnas.1404958111. 

Zalasiewicz, J., Waters, C. N., Summerhayes, C. P., Wolfe, A. P., Barnosky, A. D., 

Cearreta, A., et al. (2017). The Working Group on the Anthropocene: Summary of 

evidence and interim recommendations. Anthropocene 19, 55–60. 

doi:10.1016/j.ancene.2017.09.001. 

 

 

  

https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO
https://www.zotero.org/google-docs/?GRKCKO


87 

 

Chapter 4. Using microcrustaceans from 

a high-resolution lake core to track a 

century of human impacts at Jasper 

Ridge Biological Preserve in Woodside, 

California 

4.1 Abstract 

Aquatic microcrustaceans are highly sensitive to both biotic and abiotic change. 

They can therefore be used as environmental tracers to investigate anthropogenic impacts 

over time. We identified ostracod valves and cladoceran ephippia from a high-resolution 

sediment core from Searsville Reservoir, Woodside, CA and investigated how the 

community changed over the history of the watershed. We found significant differences 

in community composition and abundances of microcrustaceans across the core, with 

particular sensitivity to inputs of industrial herbicides. This work adds an important 

microcrustacean record to California, an understudied region, and contributes to the 

environmental record of this watershed.  

Keywords: ostracods; cladocerans; sediment core; biodiversity; paleoecology; 

human impacts; herbicides; pollution 
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4.2  Introduction 

The unprecedented global change of the Anthropocene has dramatically altered 

natural ecosystems (Zalasiewicz et al., 2017; DellaSala et al., 2018). In order to combat 

environmental degradation, we must understand how the drivers and magnitudes of 

human impacts have influenced biological systems through time at both local and global 

scales (Barnosky et al., 2012). Here we study freshwater microcrustacean abundance and 

community composition from a high-resolution sediment core from Searsville Reservoir 

(Woodside, California, USA) to track the development of an aquatic system over about a 

century. Since this is a human-made reservoir constructed in 1892, we have an 

uncommon opportunity to explore microcrustacean community assembly after the 

creation of this novel, anthropogenic system.  

Aquatic invertebrates are critical components of lake ecosystems and their death 

assemblages have the potential to record environmental change and human impacts 

(Hodkinson and Jackson, 2005; Kidwell, 2009). Microcrustaceans are microscopic 

invertebrates that can serve as bioindicators because of their extreme sensitivity to 

changes in aquatic conditions such as salinity, pH, and temperature (Ruiz et al., 2013). 

Because many species are cosmopolitan and commonly occur in high abundances across 

spatial and temporal scales, microcrustaceans are excellent targets for statistically 

assessing changes in many freshwater environments (Ruiz et al., 2013). 

Ostracods have bi-valved calcite shells protecting a shrimp-like body, earning 

them the common name “seed shrimp” (Karanovic, 2012). Besides having a high 

preservation potential, giving them a particularly robust fossil and subfossil record (Smith 

and Delorme, 2010; Horne and Siveter, 2016), ostracods are also sensitive to a variety of 
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biotic and abiotic characteristics of aquatic systems and can therefore be used as 

environmental tracers to track anthropogenic impacts over time (De Deckker and 

Forester, 1988; Ramdani et al., 2001; Boomer and Attwood, 2007; Lord et al., 2012; Ruiz 

et al., 2013; Barut et al., 2015; Michelson et al., 2021). Among other things, compositions 

of living ostracod communities can be influenced by sedimentation rates and chemical 

properties which together may reveal human impacts such as mining, deforestation, 

agricultural pesticides, and other types of pollution (Ruiz et al., 2013). Ostracods are 

especially sensitive to environmental toxins, on par with or more sensitive to herbicides 

and pesticides than other aquatic invertebrates commonly used in water quality 

assessments (Barry and Logan, 1998; Cuppen et al., 2002; Blakely et al., 2005; Ruiz et 

al., 2013).  

While ostracods are found in nearly every aquatic habitat around the world, non-

marine ostracods (order Podocopida) are primarily benthic, free-living, and live in low-

energy (lentic) systems (Smith and Delorme, 2010). They are important components of 

freshwater food webs, typically consuming attached algae or detritus at the sediment-

water interface and eaten by bottom-dwelling fish, birds, and other aquatic invertebrates 

(Smith and Delorme, 2010). Ostracod species are limited by different physical and 

chemical conditions, so each aquatic system has its own particular suite of species 

(Forester, 1983; Forester et al., 1987). A previous ostracod study at Searsville Reservoir 

suggested that fluctuations in ostracod community composition were mainly impacted by 

seasonal differences in water and sediment temperature, with minor (nonsignificant) 

influence from pH and conductivity (Carter, 1992).  
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Ostracods have received decreasing research attention in North America over the 

last couple of decades (Meisch et al., 2019). Between 1998 and 2017, only 10 new 

species were described from the Neartic region (encompassing North American and 

outlined in Meisch et al., 2019), comprising only 2.7% of the new species described 

globally during that same period (Meisch et al., 2019). Despite being important indicators 

of ecosystem health, ostracods are understudied in California (Simovich, 1998). Even 

within this underexploited region, the San Francisco Bay Area has received 

disproportionately little attention in the ostracod literature, despite being within an overall 

biodiversity hotspot (Myers et al., 2000). In fact, OMEGA, a metadatabase spanning six 

ostracod repositories, only shows one published ostracod record in their database from 

the Bay Area (Horne et al., 2011). Here, we add an important record to the sparse 

ostracod literature of California. 

Cladocerans are also foundational to freshwater ecosystems, being highly 

important prey sources for many aquatic fauna including fish (Parameswari et al., 2020). 

They are microcrustaceans who depend on planktonic bacteria, algae, and microfauna for 

food (Parameswari et al., 2020) and are also highly sensitive to many pollutants, 

especially herbicides (Sanders, 1970; Sanchez-Bayo, 2006). Many cladocerans reproduce 

both asexually and sexually, and they use environmental cues to determine which 

reporductive strategy is most advantageous (Olmstead, 2003). During times of habitat 

degradation and stress, they produce thick-shelled diapausing egg cases, called ephippia, 

which can survive extreme conditions including desiccation and hatch when conditions 

are more favorable (Stross and Hill, 1965; Carvalho and Wolf, 1989; Olmstead, 

2003). The presence and identity of cladoceran ephippia in lacustrine systems can reveal 

https://www.zotero.org/google-docs/?I3mPPQ
https://www.zotero.org/google-docs/?8iL8NU
https://www.zotero.org/google-docs/?iXqlxE
https://www.zotero.org/google-docs/?jqWip4
https://www.zotero.org/google-docs/?jqWip4
https://www.zotero.org/google-docs/?AAfybu
https://www.zotero.org/google-docs/?kSvwrE
https://www.zotero.org/google-docs/?NUJuWg
https://www.zotero.org/google-docs/?NUJuWg
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biotic and abiotic conditions. For example, the production of Daphnia ephippia is 

increased by the presence of predators (fish) and moderate levels of salinity, and it is 

reduced by exposure to insecticides such as carbaryl (Dodson and Hanazato, 1995; 

Pijanowska and Stolpe, 1996; Hintz and Relyea, 2017, 2019). Cladoceran ephippia from 

sediment cores can therefore provide records of both human impacts and other 

environmental perturbations in freshwater systems.  

In this study, we: 1)  characterize the microcrustacean communities in Searsville 

Reservoir about a century, and 2) associate changes in the microcrustacean fauna with 

environmental change and human impacts over time.  

4.2.1  Study area 

Searsville Reservoir is located in Stanford University’s Jasper Ridge Biological 

Preserve (JRBP), Woodside, California (USA) in the foothills of the Santa Cruz 

Mountains. This 483-hectare preserve is protected for ecological integrity, research, and 

education, but it is surrounded by suburban landscapes, cattle and horse farms, and the 

urban “Silicon Valley” region. The reservoir first filled in 1892, following the 

construction of Searsville Dam which blocked the natural flow of five creeks funneling 

into the steep-sided ravine of San Francisquito Creek. Searsville Reservoir has since lost 

>90% of its water-storage capacity to sediment infill (Freyberg, 2001), fueled by the very 

high sedimentation rates produced by friable rocks from the Santa Cruz Mountains 

(Kittleson et al., 1996). Over the last ~130 years, over 11 m of sediment have been 

deposited at the base of the dam. Multiple cores taken from this sediment provide an 

extremely high-resolution record of local history (Stegner et al., in revision).  

https://www.zotero.org/google-docs/?YFfdrf
https://www.zotero.org/google-docs/?YFfdrf
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Historical records of research previously conducted at Jasper Ridge include the 

identity, amount, and timing of water treatments for algae and insects; dam modification 

to increase water depth; and various recreational activities. Detailed records of herbicide 

use aid in the interpretation of this paleoenvironmental data at this site. 

 
Figure 4.1: Map of Searsville Reservoir demarcating the two core sampling locations 

used in this study.  

4.3  Methods  

4.3.1  Cores 

Two cores (JRBP2018-VC01A and VC01B, 65 m from Searsville Dam) were 

collected from the deepest part of Searsville Reservoir in October 2018, using a 

vibracorer and a series of aluminum pipes connected by couplings (Figure 4.1). The cores 

were split in the field and scanned for micro X-ray Fluorescence (XRF) and line-scanning 
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at the USGS Pacific Coastal and Marine Science Center core lab in Santa Cruz, 

California using a GeoTek rotating X-ray Computed Tomography (CT) and GeoTek 

Multi-Sensor Core Logger (MSCL). To assess bulk density over the length of the cores, 

they were scanned for gamma-ray attenuation using the MSCL as in Lobsey and Viscarra 

Rossel (2016). CT, line scan, and XRF data are published in a USGS Data Release (La 

Selle et al., 2022). 

The age model was developed through counting (approximately) annual sediment 

cycles evident as wet-season/dry-season deposits, and using independently dated tie-

points that included sediment disturbances from the 1989 and 1906 earthquakes, 

geochemical data from documented releases of various herbicides into the lake, and the 

1963 spike in Cs evident globally from the peak of nuclear weapons testing (Stegner et 

al., in revision).  The dating resolution is extremely high, with error bars of less than three 

years throughout, and less than one year in most of the core.  The age model was 

developed first for core JRBP2018-VC01B, which core JRBP2018-VC01A was then 

matched to using the obvious visible layers in the CT and line scans as well as 

geochemical matching of the XRF scans (See Stegner et al., in revision for details).  

4.3.2 Microcrustacean sampling 

Twenty-eight, two cm thick sediment samples of ~15 g were collected  from 

Searesville core JRBP2018-VC01A. Samples were taken at ~50 cm intervals, with higher 

sampling resolution from ~500-550 cm corresponding to the 1950s when the lake was 

bombarded with chemical treatments for algae reduction (Table 4.1; Smith, 1963; Stegner 

et al., in revision ; Anderson et  al., in prep). When sampling, we focused on the low-

density, organic-rich sediment layers because these layers have lower sedimentation rates 
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and thus should have higher microfossil concentrations (Cvancara et al., 1971). We froze 

and subsequently thawed all samples to encourage disaggregation for processing. 

We washed the samples through a set of nested sieves (300, 180, and 100 μm 

openings). Then samples were air dried, picked under a dissecting microscope, and 

mounted on micropaleontology slides following the methods of Horne and Siveter 

(2016). We documented which individuals were recovered from each sieve mesh-size to 

coarsely track body size. The smallest sieve is expected to retain juvenile ostracods and 

molts (instars), although these are not typically identifiable (Horne and Siveter, 2016). 

The specimens were then sorted into morphotypes under a compound microscope. 

Ostracods valves which were less than half complete were logged but not included in 

counts or analyses.  

Representative specimens for each ostracod morphotype were photographed using 

a Zeiss Sigma Field Emission scanning electron microscope (SEM) at Stanford 

University’s Cell Sciences Imaging Facility (Figure 4.2). Ostracods were identified to the 

finest possible taxonomic resolution based on shell shape, muscle scarring, and surface 

microstructure using comparative collections from the California Academy of Sciences 

and published literature, especially Smith and Delorme (2010). While the morphological 

identification of ostracods valves can be challenging, we are confident in our 

identifications after consulting with multiple experts in the field. Cladoceran ephippia 

were identified under a compound microscope to the genus-level using Vandekerkhove et 

al. (2004).  

https://www.zotero.org/google-docs/?V5WUqO
https://www.zotero.org/google-docs/?Pn82D4
https://www.zotero.org/google-docs/?MZP5Jr
https://www.zotero.org/google-docs/?MZP5Jr
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4.3.3  Statistical analysis 

We visualized differences in the abundance of ostracods in different size classes 

using barplots created with the ggplot2 (Wickham, 2016) and viridis (Garnier, 2018) 

packages in the R program for statistical computing (R Core Team, 2021) (Figure 4.3). 

We also evaluated the correlation between ephippia and ostracod abundances (Figure 

4.4). All abundances were standardized by sampling effort by dividing the number of 

valves or ephippia by the grams of sediment sieved for that level. To evaluate changes in 

the microcrustacean community over time, we plotted the relative abundance of each 

taxon at each sampled depth using the R rioja package (Juggins, 2017; Figure 4.5). We 

also mapped significant turnover events in the microcrustacean community using a 

stratigraphically constrained hierarchical cluster analysis (CONISS; Grimm, 1987) based 

on a Bray-Curtis dissimilarity matrix of square root-transformed relative abundance 

(Hellinger transformation) using the vegan and rioja packages (Figure 5; Juggins, 2017; 

Oksanen et al., 2019). This clustering technique only groups samples which are 

sequential, making it ideal for tracking change over depth and/or time. We tested for the 

number of significant groupings using a broken stick test in vegan (Oksanen et al., 

2019).   
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Figure 4.2: Scanning electron microscope images of A) Candona spp., right valve, B) 

Pseudocandona spp., right valve, C) Ilyocypris cf. gibba, right valve, broken, D) 

Cypridopsis vidua, articulated specimen, and E) Physocypria globua, articulated 

specimen, right valve up. Cypria cf. ophthalmica is not pictured.  

 

 
 

Figure 4.3: Number of ostracod valves found in each sieve size, showing high ratio of 

unidentified juvenile instars to identifiable subadult and adult valves at the smallest sieve 

size (100 microns) compared to those separated by the medium (180 microns) and large 

(300 microns) sieves.  
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4.4  Results 

In total, we recovered 407 ostracod valves and 466 ephippia (Table 4.1) belonging 

to six ostracod taxa and two cladocera genera (Table 4.1 and Figure 4.2). Unidentifiable 

early juvenile ostracod molts (instars) comprise 74.0% of ostracod valves in our study 

(Figure 4.3). As expected, the majority of unidentifiable valves were found in the 100 

micron sieve (Figure 4.3). Among the identifiable valves, the major constituents of the 

ostracod assemblage were Physocypria globula (53.8%) and Candona spp. (30.8%), with 

smaller contributions from Ilyocypris cf. gibba (6.7%), Cypria cf. ophthalmica (3.8%), 

Cypridopsis vidua (2.9%), and Psuedocandona spp. (1.9%). Ostracod valves found in the 

top 443 cm of the core comprise 72.0% of the ostracod remains in our record. No 

ostracods were found in the four samples below 937 cm. Daphnia and Ceriodaphnia 

ephippia were also recovered from the core. The vast majority (85.0%) of ephippia were 

recovered above 643 cm, but they are found throughout the record. We found that 

abundances of ostracod valves and ephippia are weakly negatively correlated when 

samples in which both are absent are excluded (Figure 4.4, cor = -0.11). 
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Table 4.1: Number of ostracod valves and cladoceran ephippia found at each sampled 

depth. 
 

Depth g sieved Total ostracod valves Total ephippia 

Surface 38.14 172 0 

301-303 12.76 191 2 

318-320 10.05 40 12 

362-364 11.29 57 2 

422-424.5 12.23 0 7 

441-443 9.94 5 46 

468-470 13.23 1 3 

499-501 7.62 0 0 

501-503 12.61 0 0 

503-505 14.25 0 1 

505-507 9.00 14 5 

515-517 11.93 0 0 

533-535 9.40 0 0 

537-539 8.01 1 10 

546-548 12.42 0 78 

558-560 11.24 61 55 

601-603 11.94 1 146 

641-643 11.76 2 29 

684-686 13.48 0 2 

718-720 12.13 8 0 

742-744 14.09 4 8 

820-822 14.37 0 0 

847-849 12.60 15 0 

906-908 13.20 5 1 

935-937 10.79 3 38 

969-971 14.75 0 3 

1020-1022 11.15 0 8 

1088-1090 15.40 0 0 

1133-1135 15.04 0 10 
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Figure 4.4: Number of ostracod valves (black) and cladoceran ephippia (blue) found at 

each sampled depth. Ostracod and ephippia abundances are weakly negatively correlated 

(cor = -0.11) when samples where both are absent are removed.  

 

4.4.1  Microcrustacean Zones 

Shifts in Searsville’s ostracod assemblage are primarily driven by Candona spp. 

and P. globula, our two most common taxa (Figure 4.5). Physocypria globula and, to a 

lesser degree, Cypria cf. ophthalmica dominate the top of the core (above around 443 

cm). Candona spp. is most prevalent from 558 to 937 cm, accompanied by increases in I. 

gibba at 558-560 cm and 906-908 cm as well as Psuedocandona spp. at 558-580 cm 

(Figure 4.5). There is a gap between these assemblage shifts between 445 and 558 cm 

where very few ostracods are present (Figure 4.5), explained in further detail below. 

 A zone of especially high ephippia abundance was seen from 520 to 643 

cm.  Relative abundances of Ceriodaphnia and Daphnia ephippia follow different trends. 

While Daphnia ephippia are fairly common throughout the core, only two Ceriodaphnia 

ephippia are found below 643 cm. In general, Daphnia ephippia are more abundant 
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except between 422 and 470 cm where Ceriodaphnia ephippia are 1.8 times more 

abundant.  

CONISS revealed seven significant groupings in the microcrustacean record: 

1135-700 cm, 700-536 cm, 536-510 cm, 510-503 cm, 503-480 cm, 480-400 cm, and 400-

300 cm (Figure 4.5). The zones from 536-480 cm were all represented by only 1-3 

samples and comprise a period of rapid change, and so we treat this as one zone in our 

discussion, below. We thus recognize four major microcrustacean zones: 

Zone 1 (1135 - 700 cm; 1900 - 1929 CE):  

This zone spans the first few decades of Searsville Reservoir’s history and is 

represented by 10 samples with a mean of 3.3 (4.4 SD) ostracods and 6.8 (11.6 SD) 

ephippia. Taxa found in this zone include Candona spp., C. vidua, Ilyocypris cf. gibba, 

Psuedocandona spp., and Physocypria globula as well as both Ceriodaphnia and 

Daphnia. No ostracods were found below 937 cm (prior to 1912 CE). Ephippia, on the 

other hand, were fairly abundant (21 samples) during this period. Above 937 cm, we 

found a low number of ostracods (34) represented by three taxa (Candona spp., C. vidua, 

and Ilyocypris cf. gibba), but the vast majority of these (26 valves) are unidentifiable 

instars.  

Zone 2 (700-536 cm; 1929 - 1953 CE):  

This zone is characterized by fairly high ostracod abundances and diversity, 

including Candona spp., Psuedocandona spp., lyocypris cf. gibba, and Physocypria 

globula (Figure 4.5). The sample taken from depth 558-560 (~1947) is especially diverse, 

with three ostracod taxa and both cladocera taxa. Ostracod abundance from this depth (61 

valves) is the third highest of our samples (Table 4.1).  
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Zone 3 (536 - 480 cm; 1953 - 1964 CE):  

This zone includes many samples where no ostracods or ephippia were found 

(Table 4.1). A small recovery at 505-507 cm (~1959) held two Candona spp. and 12 

instar valves as well as five Daphnia spp. ephippia. Sediments from 503-505 cm (~1960) 

had one Daphnia ephippia. Significant splits from the cluster analysis bound this short 

recovery.  

Zone 4 (480 - 300 cm; 1964 - 2014 CE):   

This zone represents a major turnover in ostracod community composition. While 

ostracod communities in the previous zone was composed primarily of candonids, I. cf. 

gibba, and unidentified juvenile forms, this zone is dominated by P. globula and Cypria 

opthalmica valves. A significant split at 400 cm separates a period of relatively low 

ostracod abundances and high ephippia concentrations (including a spike in 

Ceriodaphnia ephippia) from a section characterized by high ostracod raw abundances 

and relatively low cladoceran ephippia concentrations (Table 4.1; Figure 4.5). Ostracod 

valves in this zone are 4.3 times more abundant than the rest of the zones (Figure 4.4). 

4.5  Discussion 

4.5.1  Interpretation of the Searsville ostracod taxa 

The Searsville ostracod species assemblage is relatively depauperate compared to 

other California freshwater sites (Simovitch, 1998) and is composed of cosmopolitan taxa 

that are limited in habitat preferences to shallow freshwater environments. We found no 

groundwater discharge taxa, hyporheic taxa, taxa associated with springs, or other 

specialist freshwater taxa. This lack of functional diversity may have to do with the 
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human-made nature of the reservoir (Alison Smith, personal communication) and its 

relatively young age (130 years).  

Physocypria globula is a cosmopolitan, nektonic species which occupies shallow 

aquatic environments such as shallow lakes, ponds, and streams across North America 

(Smith et al., 2003; Smith and Delorme, 2010). This species has wide tolerances for 

salinity and ionic composition (Smith et al., 2003). Physocypria globula is associated 

with macrophytic vegetation such as cattails in lacustrine littoral zones (Smith et al., 

2003; Smith and Delorme, 2010) and goes through seasonal population fluctuations, 

peaking during July and October in other locations (Smith et al., 2003). A 1992 study of 

ostracods at Searsville Reservoir found evidence of abundant Physocypria pustlosa, 

which is phylogenetically, morphologically, and ecologically similar to P. globula 

(distinguished by the denticles on the anteroventral margin of right valves of P. globula, 

not present in P. pustulosa) (Carter, 1992; Smith and Delorme, 2010). Although it is 

possible that P. pustulosa was present in the early 1990’s but not in found our samples, it 

is also possible that this species was previously misidentified. Carter (1992) found that 

Physocypria pustulosa particularly dominated the ostracod record in October through 

January, but was still at least half of all ostracod abundance in February through August. 

This study corresponds temporally to our Zone 2, when P. globula was becoming 

abundant in the ostracod record.   

The presence of candonids, especially Pseudocandona spp., can indicate periods 

of low salinity (Smith and Delorme, 2010; McCormack et al., 2019). Some candonids 

thrive in low temperature environments (e.g. Candona neglecta) (Rieradevall and Roca, 

1995), while many others (e.g. C. acutula, C. candida, C. ohioensis) are adapted to 

https://www.zotero.org/google-docs/?B6JEKZ
https://www.zotero.org/google-docs/?yi4t0W
https://www.zotero.org/google-docs/?Z58VHK
https://www.zotero.org/google-docs/?N0rOtA
https://www.zotero.org/google-docs/?N0rOtA
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shallow water habitats and therefore can tolerate a broad range of temperatures (Smith 

and Delorme, 2010). Additionally, members of this genus may be tolerant to low oxygen 

(e.g. C. candida) and even hypoxic (e.g. C. neglecta) conditions but can be heavily 

influenced by the abundance of nitrates in freshwater systems (Milhau et al., 1997; Ruiz 

et al., 2013). Carter (1992) also found Candona spp. at Searsville, which she divided into 

two morphotypes. She also reported the presence of Herpetocypris brevicaudata, which 

was not present in our record. However, subadult candonids can look similar to adult H. 

brevicaudata, so it is possible that this species may also have been misidentified in her 

record. Otherwise, this would  represent a brief colonization then disappearance of H. 

brevicaudata in the 1990’s, because this taxon was not present throughout the Searsville 

sediment record.  

Cypridopsis vidua is another widely distributed species which prefers warm, 

shallow water (Palacios-Fest and Dettman, 2001; Bunbury and Gajewski, 2005). 

Cypridopsis vidua is widespread in North America but is particularly intolerant of many 

habitat variables including high concentrations of Na, Mg, and SO4 (Delorme, 1970). 

Cypridopsis vidua is also very sensitive to herbicides, ranked second in sensitivity in an 

experiment comparing six crustacean species (Sanders, 1970). Other studies have shown 

that pollutants such as those used in insecticides are acutely toxic to C. vidua and that this 

species only occurs in waters with low levels of pollution (Mezquita et al. 1999; Sanchez-

Bayo, 2006; Wilkinson et al., 2014). This suggests that C. vidua is a particularly good 

indicator species for environmental toxins in our record. Cypridopsis vidua was not 

abundant in the core, only represented by a couple valves in the most recent sediment 

layer and one subadult valve at a depth of 718-720 cm. Cypridopsis vidua was also found 

https://www.zotero.org/google-docs/?YKhyxO
https://www.zotero.org/google-docs/?YKhyxO
https://www.zotero.org/google-docs/?pCcDCR
https://www.zotero.org/google-docs/?aXsFfa
https://www.zotero.org/google-docs/?9PF7Y5
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to be a small constituent of the Searsville ostracod community in the Carter (1992) study, 

reaching peak abundance in April-August when water would have been particularly 

warm. We did not find C. vidua in the layers corresponding to the Carter study 

temporally, suggesting that, if present, their population density was low and/or patchy in 

the sampled intervals of the core. The recent recolonization of C. vidua to Searsville 

Reservoir may suggest that Searsville and its watershed are now relatively free of toxins, 

possibly both as a result of Jasper Ridge being designated as a biological preserve and 

modern environmental regulations. 

Cypria ophthalmica is a robust, cosmopolitan species found in shallow freshwater 

systems which has a preference for habitats with rooted aquatic vegetation (Smith and 

Delorme, 2010). We indeed find C. cf. ophthalmica exclusively at the top of the core, 

when the water would have been the most shallow. This species has been shown to be 

fairly pollution-tolerant (Boomer and Attwood, 2007; Meish, 2000; Curry, 1999), 

although we did not find this species in the sediment layers associated with high 

herbicide use in the middle of the core. Perhaps they were only introduced into Searsville 

in the last couple of decades and therefore their absence does not represent intolerance to 

previous conditions. Cypria ophthalmica can tolerate a very wide range of bottom water 

temperatures, but have been shown to prefer colder water temperatures at Searsville 

Reservoir, since they flourished during colder months (Carter, 1992; Smith and Delorme, 

2010). It is possible that since we sampled organically rich layers, corresponding to the 

dry season summer months, we may have missed sampling this species in some years that 

it was present (Carter, 1992).  
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Ilyocypris gibba is also a cosmopolitan species found in the sublittoral and littoral 

areas of a variety of water bodies: from fresh to brackish waters, in still (lentic) and 

flowing (lotic) waters, and across a wide range of temperature (Wilkinson et al., 2005). 

Ilyocypris gibba can also tolerate low levels of total dissolved solids and low dissolved 

oxygen values (Külköylüoğlu, 2004). Despite occurring in a wide range of habitat types, 

Ilyocypris gibba prefers warm, shallow water bodies (Delorme, 1991). Ilyocypris gibba, 

P. globula, and C. vidua commonly occur together in North American streams (Smith et 

al., 2003). The presence of this species at only 558-560 cm and 906-908 cm in the core 

may suggest that the early reservoir had higher energy stream deposition than younger 

sediments in the core. Ilyocypris gibba was found in extremely low abundances in 

Searsville by Carter (1992), showing that this species was likely present in at 

concentrations too low to be picked up by the core samples. This suggests that this 

species did recolonize Searsville after the addition of Benachlor in the 1950’s (described 

in more detail below), although we did not find evidence of this in the core.  

The unidentified ostracod valves in our record (Figures 4.3 and 4.5) are primarily 

instars which cannot be assigned to a species. It is unsurprising that many of them are 

found in this record as there are an average of eight juvenile molts to one adult ostracod, 

although the smallest forms do not readily preserve (Boomer et al., 2003; Smith and 

Delorme, 2010). A high quantity of juvenile forms is indicative of an autochthonous 

(locally-derived, non-transported) ostracod assemblage (Boomer et al., 2003). Valves 

found in the 100-micron sieve are all from juveniles and compose 60% of our assemblage 

(Figure 4.3). Some of the valves in our middle sieve are also likely juveniles, with our 

https://www.zotero.org/google-docs/?wJjWYm
https://www.zotero.org/google-docs/?b2Nax0
https://www.zotero.org/google-docs/?1FImrz
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largest sieve (300 micron sieve) retaining only adult and the latest juvenile forms of large 

species. We therefore believe this assemblage to be minimally transported.  

4.5.2  Interpretation of the Searsville ephippia 

 The relative abundance of Daphnia and Ceriodaphnia ephippia may speak to 

competition between these taxa or variable sensitivity to environmental toxins. Daphnia 

ephippia are most abundant for the majority of the record, however Ceriodaphnia 

ephippia become more dominant at the top of the record. Studies have shown that 

Ceriodaphnia spp. is highly sensitive to environmental toxins (Versteeg et al., 1997), so 

this increase in Ceriodaphnia may suggest that they were previously restricted by 

environmental pollutants. Ceriodaphnia dubia has been found to be particularly sensitive 

to toxins, showing equal or more deleterious effects than Daphnia magna to multiple 

insecticides (Mokry and Hoagland, 1990). 

4.5.3  Ephippia-ostracod relationship 

 We found that ostracod valve abundances are weakly negatively correlated related 

with ephippia abundances (Figure 4.4). We suggest that high ostracod abundances with 

low numbers of ephippia generally correspond to conditions that are favorable for both 

taxonomic groups, as ephippia are produced by cladocerans in times of environmental 

stress. High ephippia abundances with low ostracod numbers, on the other hand, suggest 

times of environmental stress for both groups. In Searsville, however, this relationship 

breaks down when ephippia and ostracods are both absent. It is possible that this is 

because at very high levels of impact, cladocerans may be completely extirpated and/or 

the energetic cost of producing ephippia may be too high, resulting in both very low (or 

no) ostracod numbers as well as very low (or no) ephippia. Because ostracods and 

https://www.zotero.org/google-docs/?broken=ob3E0G
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cladocerans occupy different niche spaces, being benthic and planktonic respectively, we 

do not believe the ephippia-ostracod relationship is as a result of competition. However, 

environmental factors including predation and food sources may act synergistically or in 

opposition for these two groups of zooplankton, something that has been little 

investigated. This relationship could be used as an indicator of environmental 

perturbations in aquatic systems and especially may be useful in recording human 

impacts such as the input of pesticides and herbicides.  

 

 
Figure 4.5: Diagram of ostracod and cladoceran ephippia relative abundances from 

sampled depths below surface with significant turnover events identified by CONISS 

indicated with a red dashed line. The four major Microcrustacean Zones are demarcated 

using alternating grey and white shading.  

 

4.5.4  Microcrustacean community change over time 

Early Years: 1900 - 1929 

The dearth of ostracods at the bottom of this zone is possibly initially due to lack 

of food while vegetation was colonizing the new lake, as ostracods would need benthic, 
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rooted vegetation and detritus to sustain their populations (Delorme, 1989). The transition 

from absence to presence of ostracods around the year 1912 may reflect that sediments 

had stabilized enough at this point to support benthic flora and fauna. Additionally, the 

lack of ostracods may be reflective of high quantities of new sediment entering the record 

very quickly in the first years after the dam was constructed, diluting the presence of 

ostracod valves. Therefore, ostracods may have been present but not in high enough 

abundances per gram sediment to be sampled. This problem was also encountered in the 

pollen analysis of this core (Anderson and Stegner et al., in prep). However, higher 

ostracod abundances were not correlated to higher amounts of sediment sampled in the 

core (cor = 0.005), although the amount sampled only fluctuated by a couple grams per 

sample. It is also possible that the salinity of the water was not tolerable to ostracods at 

this early stage, but the presence of Daphnia ephippia at the base of our record constrains 

the salinity to be less than 5.80/00, and therefore within the tolerance range of the Searsville 

ostracod species (De Deckker, 1982; Ruiz et al., 2013). The lack of ostracod valves at 

this level may also be due to taphonomy, as most subfossil records of shelly aquatic 

invertebrates show a bias of abundant recent material with a long tail preserving a small 

number of rare, older shells (Kidwell, 2002). This makes the ostracod peak at 558-560 

cm all the more interesting, since it is an anomaly in this characteristic pattern. 

The moderate number of ostracods and low ephippia abundances from around 700 

to 937 cm (1912 -1929) may record a period of reasonably good conditions for 

cladocerans (as they are not under stress) and moderate conditions for ostracods around 

the years 1912 to 1929.  

 

https://www.zotero.org/google-docs/?broken=GH319R
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Ostracod proliferation: 1929 - 1953 

The high ostracod diversity during this time suggests positive conditions for 

ostracods, including abundant rooted aquatics. Additionally, high ephippia abundances 

may indicate a prevalence of predators, which trigger ephippia production, but shows that 

there were not lethal levels of toxins in the environment (Dodson and Hanazato, 1995). 

This is the only sample where high abundances of ephippia and ostracods coexisted, 

perhaps indicating good conditions for ostracods and moderate ones for cladocerans.  

Perhaps this high diversity of microcrustaceans, which rely on rooted aquatics, 

algae, and detritus, reveals the reason for later the chemical control campaigns on 

Searsville Reservoir. One report states that around this time "prodigious growths of 

rooted aquatics choke the shallower waters of the entire lake” (Wohlschlag, 1952). 

Abundant rooted aquatics were undesirable for the managers of Searville during the 

1950’s, which at the time was being used as a recreational area for fishing, swimming, 

and etc. Our samples may be picking up this boom in the lake fauna and flora which 

triggered the use of harmful herbicides. Additionally, these samples pre-date the 

beginning of recreational fishing at this site, which may suggest that the high number of 

ephippia were produced in response to abundant predators (Smith, 1963).  

Dead Zone: 1953 - 1964 

This zone is characterized by the repeated absence of both ephippia and ostracods, 

suggesting high levels of impact for both groups. While many types of natural 

environmental perturbations (such as seasonal dry period, increased predation, and 

increased salinity) trigger additional ephippia production, anthropogenic chemicals can 

inhibit cladocerans from producing ephippia and can also cause rapid, direct mortalities 

https://www.zotero.org/google-docs/?broken=cyPra3
https://www.zotero.org/google-docs/?broken=Wy3GH7
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(Dodson and Hanazato, 1995; Pijanowska and Stolpe, 1996; Hintz and Relyea, 2017). 

Ostracods are also very sensitive to a variety of herbicides and insecticides (Barry and 

Logan, 1998; Cuppen et al., 2002; Blakely et al., 2005; Ruiz et al., 2013). The absence of 

both ephippia and ostracods in sequence suggests intense chemical impact. The age 

model puts this zone in the 1950s, which corresponds with the years when the chlorinated 

hydrocarbon Benachlor was added to the Searsville Reservoir.  

Historical sources show that Benachlor, a chlorinated hydrocarbon used for the 

control of rooted aquatic vegetation, was applied to Searsville Reservoir every April from 

1952 to 1957, except in 1956 (Smith, 1963). Smith (1963) claims that Benachlor would 

have destroyed all of the lake’s bottom fauna for several months up to three years, 

virtually sterilizing the lake bottom where applied. Fish die offs in 1952, 1955, and 1957 

also corresponded with the addition of this chemical in the spring of each year (Smith, 

1963). In particular, the bottom-feeding fish, such as bullheads, seemed to be 

disproportionately impacted (Smith, 1963). If the lack of both ostracods and cladocerans 

in the zone is as a consequence of the Benachlor applications, fish die offs during this 

time may have been result of the eradication of an important food sources in addition to 

direct mortality from toxin ingestion (Kendall, 1922; Ewers, 1933). In fact, Cypridopsis 

vidua and Physocypria globula have been found in the stomachs of bullheads, confirming 

their prey-predator relationship (Smith and Delorme, 2010).  

The lack of ephippia is especially interesting because Benachlor was not thought 

to impact planktonic taxa since it quickly sinks to the lake bottom (Smith, 1963). 

Daphnia and Ceriodaphnia are both highly sensitive to toxins such as herbicides and 

pesticides, and may have been directly impacted by the Benachlor (Mokry and Hoagland, 

https://www.zotero.org/google-docs/?broken=WlmbBl
https://www.zotero.org/google-docs/?broken=T2Z87i
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1990; Kyriakopoulou et al., 2008). Pesticides have also been shown to reduce the escape 

ability of cladocerans from predators, causing increased mortality and suggesting another 

possible mechanism for cladoceran eradication in this zone (Gutierrez et al., 2012). 

However, it is also possible that the fish die offs instead improved conditions for 

cladocerans in this zone and that they were present but not releasing ephippia.  

Recovery: 1964 - 2014  

 There is a slow recovery of ostracod diversity and abundance at the beginning of 

this time period which accelerates in the late 1990s. The high ostracod and low ephippia 

abundances after this point is generally indicative of better conditions for both of these 

taxa, supported by the historical documentation showing that addition of herbicides and 

algaecides ceased in the 1970s. Physocypria globula and Cypria ophthalmica are 

associated with subaquatic vegetation, so their abundance during this period suggest that 

rooted aquatics once again proliferated. Additionally, the presence of Cypridopsis vidua 

in the very top of the core (2014) indicates that the reservoir at this time was relatively 

free of herbicides and insecticides, as this species has been shown to be very sensitive to 

environmental toxins. By this time, Jasper Ridge had been designated a biological 

preserve and therefore was restricting the use of harmful chemicals for the sake of aquatic 

flora and fauna. This ostracod assemblage may also reflect the shallowing of Searsville 

Reservoir, as these species prefer warm, shallow environments. By 1995-6, Searsville 

Reservoir had been infilled by over half of the depth of the dam, and it is even shallower 

today (Kittleson et al, 1996). The ostracod community turnover from dominance of 

Candona spp. to dominance of P. globula may be indicative of changing water depth 

over time in addition to differential human impacts to the reservoir. 

https://www.zotero.org/google-docs/?broken=bbsldK
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4.5.6  Potential biases and future directions  

One caveat to these results is that ostracod distributions are generally patchy, 

therefore it is possible to miss the full diversity of ostracods in a lake when assessing one 

core, and it also possible to over-interpret population densities from such samples (Horne 

and Siveter, 2016). A future direction would be to sample cores from other parts of the 

reservoir to confirm the full microcrustacean assemblage of the lake through time. 

Additionally, the high sedimentation rate of Searsville may have contributed to our low 

sample sizes, especially at the bottom of the deposit, although thicker samples would 

have increased time averaging (Horne and Siveter, 2016). Our interpretations are also 

limited by the lack of species-level resolution in some cases. Further work using light 

microscopy and examining internal morphology, as recommended by Alison Smith, may 

resolve taxonomy further, as can DNA sequencing valves to aid our identifications. 

4.6  Conclusions 

We found significant turnover in microcrustacean community composition over 

~114 years at Searsville Reservoir. Microcrustacean abundances and community 

composition tracks the stabilization of the reservoir sediments, the proliferation of rooted 

aquatics, the shallowing of the lake over time, and especially the heavy use of herbicides 

in the 1950s. We also found a new potential metric (ostracod to ephippia ratio) for 

evaluating human impacts, and especially environmental toxin inputs, in sediment cores. 

We believe that aquatic microcrustaceans have an important role to play as tracers of 

anthropogenic pollutants in the Anthropocene.  
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Chapter 5. Concluding remarks 

This thesis quantifies the effects of human land use change on both terrestrial and 

aquatic communities in the south Bay Area. We begin by testing sampling methodologies 

for modern and archaeological small mammal communities, then apply these findings to 

an analysis of small mammal response to human modification from Stanford Campus to 

Jasper Ridge Biological Preserve. We then return to Jasper Ridge to quantify the impacts 

of environmental toxins and other direct human impacts on the watershed. In order of 

thesis chapters, we found the following salient points: 

Chapter 1 shows that small mammal remains from raptor pellets more closely 

represent local small mammal community composition rather than dietary preference of 

the raptor species.  This implies that ornithologists interested in raptor dietary breadth 

must sample multiple localities per focal species. Additionally, paleoecologists working 

on raptor-accumulated paleontological sites can be more confident that turnovers in small 

mammal communities are reflective of changes in the environment rather than raptor 

community composition. Lastly, and directly applicable to chapter 3, our results show 

that raptor pellets are an accurate method for surveying modern small mammal 

communities, regardless raptor identity.  

In chapter 2, we investigate the impacts of pocket gopher burrowing on an open-

air archaeological site in Jasper Ridge. This common taphonomic process can heavily 

distort stratigraphy and skew the proportional abundance of small mammal remains in 

these deposits. Using radiocarbon dating, we show that gopher bones are often 

significantly younger than those of other small mammals at the same depths, implying 

that they are at least partially intrusive in these deposits and should be excluded from 
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zooarchaeological analyses.  In addition, the well-constrained age model using non-

fossorial small mammal bones allows us to more confidently assess their communities in 

chapter 3.   

In chapter 3, we show that despite the resilient and robust nature of small 

mammals, their communities have significantly changed over even the last few centuries, 

but that this change is buffered in Jasper Ridge, a small biological preserve. The small 

mammal community turnover across spatial and temporal gradients of human 

modification is characterized by the dominance of human-commensal and disturbance-

tolerant taxa.  

We additionally find significant change in microcrustacean community 

composition over a shorter period of time – around 114 years – primarily related to 

changing designations of Searsville Reservoir and intensity of herbicide input. However, 

unlike in chapter 3, we find that modern ostracod communities in Searsville are more 

diverse and abundant than in the recent past. We also develop a new tool for assessing 

direct human impacts in sediment cores using the proportional abundance of ostracod 

valves and cladoceran ephippia.  

In conclusion, this dissertation characterized direct human impacts on terrestrial 

and aquatic communities in the south Bay Area. We found differential impacts based on 

study system and time frame, highlighting the need to assess human impacts across 

taxonomic groups and scales.  

 


