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ABSTRACT

The rapid progression of modern climate change is already altering ecosystems
worldwide. By employing the fossil record, we can investigate how animals responded to
past climatic changes and biodiversity loss, and help inform conservation efforts for the
future. The paleontological record of the late Quaternary (past ~22000 years) encompasses a
period of considerable environmental change in North America. Rising temperatures and
climatic fluctuations are coupled with the extinction of the majority of large bodied mammals
on the landscape. The combination of climate change and extinction events led to changes in
vegetation and community structure which likely affected the resources available and
interactions between the remaining mammals within communities. To contend with changing
biotic interactions, animals may have adapted by changing certain ecological and

morphological traits, such as dental morphology, body size or diet. Here, we investigate the



impacts to the rodents Neotoma and Sigmodon. Our study finds varying responses across
these small bodied mammals, suggesting that each is adapting to different stressors between
climate and community changes, but that both are impacted by small and large scale biotic

and abiotic changes.
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Chapter 1
The relationship between molar morphology and ecology in Neotoma
Catalina P. Tomé?, Winifred Whiteman Jennings?, Felisa A. Smith!

!Department of Biology, University of New Mexico, Albuquerque, NM
2Department of Math, Science and Engineering, Central New Mexico Community College,
Albuquerque, NM

Abstract

The extensive diversity in dental form across mammals and its strong correlation with
function provides insights into the diet, habitat and behavior of both extant and extinct taxa.
Understanding the extent of variation in dental morphology across species allows for more
accurate identification of fossils as well as a better ability to infer relationships between form
and function. Here we examined the amount of variation in the size and shape of the first
upper molar for the genus Neotoma. We employed elliptic Fourier analysis to consider
differences in the shape of 2D outlines for 23 populations and 6 species of Neotoma, varying
in body size and habitat preferences. As expected, molar length is a strong predictor of body
size; significantly and negatively correlated with temperature, particularly in species whose
ranges span large latitudinal gradients. We found significant differences across the molar
shape of all species, with no evidence of a phylogenetic signal. While outline analysis could
not robustly classify molars to the species level, we did find a greater degree of folding and
more acute angling of molar lophs in N. cinerea and N. mexicana, who have highly
generalized diets. In contrast, wider lophs with shallower enamel infolding was characteristic
of species specializing on softer, more succulent resources (i.e., N. albigula and N.

micropus). N. floridana were inaccurately classified to species in the majority of cases, but



were the only molars correctly identified to locality 100% of the time, suggesting that dietary
specializations at a local level may drive morphological changes within the species as well as

across the genus.

Introduction

Mammals demonstrate an incredible diversity in dental form and function that mirrors
a broad range of ecological niches and diets. The evolution of teeth in mammals has been
widely studied, with characteristics of tooth size, shape and masticatory mechanisms of the
jaw correlating with diet (Gould 1975, Janis and Fortelius 1988, Ungar and Williamson 2000,
Schmidt-Kittler 2002, Evans and Sanson 2003, Samuels 2009, Ungar 2010, Ungar and
Sponheimer 2011). The cheek teeth of herbivores, for example, are generally high crowned
with increased folding along their enamel. This allows for a greater grinding capacity at the
occlusal surface to help deal with high quantities of abrasive plant matter and/or grit intake
and increased wear rates generally associated with open, grassland habitats (Janis and
Fortelius 1988, Janis 1995, Williams and Kay 2001, Jardine et al. 2012, Lucas et al. 2014,
Samuels and Hopkins 2017). The morphology of carnivoran teeth, on the other hand, is better
suited for shearing and slicing, with a higher degree of shearing surfaces, either due to size or
crests, associated with groups consuming higher proportions of vertebrates compared to
invertebrates or fruits (Van Valkenburgh 1989, Strait 1993a, 1993b, Meiri et al. 2005).
Enamel is also durable; thus, teeth are well preserved in the fossil record (Van Valkenburgh
1994). Consequently, variation in dental morphology provides a means of identification for
both fossil and modern mammal taxa (Carrasco 2000, Hillson 2005, Ungar 2010), as well as

insights into their ecology (Van Valkenburgh 1994, Thomason 1997). While the use of dental



form to study adaptations and diet is extremely useful, it is important to account for factors

that may constrain the precision of identifications and inferences.

The evolution and life history of a mammal influences the morphological variation in
dental form. Genetic and developmental constraints may limit the adaptation of form to
dietary function (Evans and Sanson 2003, Evans et al. 2007, Ledevin et al. 2010, Rodriguez
et al. 2013). Tooth characteristics of an individual can also be altered throughout their
lifetime. Wear can play an important role in changing the shape of the occlusal (chewing)
surface, sometimes in an uneven manner (Harris 1984, Guérécheau et al. 2010, Ledevin et al.
2010). A study on bank voles, for example, found that wear (age) was the primary source of
variation across the occlusal surface of the third upper molar, while intra-specific variation
was tied to the presence/absence of an additional posterior structure due to developmental
constraints on size of the molar (Ledevin et al. 2010) Characterizing the dental variation
within a genus thus improves accuracy of identification of materials and the interpretation of

the relationships between tooth form and ecology across space and time.

Here we focus on the genus Neotoma. We first investigate whether the first upper
molar accurately distinguishes between species varying in size and ecology. Second, we
investigate the relationship between tooth morphology and locality due to differences in
climate and vegetation. Neotoma or woodrats, are found across most of North America
(Figure 1.1), extending from the Northwestern Territories of Canada to the Nicaragua in
Central America (Hall 1981, Betancourt et al. 1990). The genus includes animals of 80-
500*%g, occupying a diverse array of habitats and subsisting on a wide variety of resources
(Wiley 1980, Cornely and Baker 1986, Macédo and Mares 1988, Jones and Hildreth 1989,

Carraway and Verts 1991, Smith, 1997, Verts and Carraway 2002). We focus on Neotoma, or



woodrats, because the genus played an important role in late Pleistocene paleoecological
studies due the detailed plant and animal records preserved within their middens (e.g.
Betancourt et al. 1990, Smith et al. 1995, 2009, Smith and Betancourt 2003, 2006). However,
Neotoma skeletal remains are difficult to identify to species, with identifications generally

relying on single or loose molars (Harris 1984).
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Figure 1.1. Selected Neotoma species distributions across North America. Distributions
and localities (labelled dots) of Neotoma used in study shown for species: N. albigula
(yellow), N. cinerea (green), N. floridana (blue), N. lepida (orange), N. mexicana (red),
and N. micropus (purple). Map was produced in QGIS Desktop 3.03, using species
distributions from IUCN (2018).



Neotoma have high-crowned, rooted molars, with three confluent or offset lophs
(Zakrzewski 1993) (Figure 1.2A-F). N. cinerea (Figure 1.2B) and N. mexicana (Figure 1.2E)
exhibit sharply prismatic lophs and deeper fold patterns between the lophs, while N. albigula
(Figure 1.2A) and N. lepida (Figure 1.2D) tend to have more rounded lophs with shallower
enamel folding patterns (Van Devender et al. 1977). N. cinerea N. goldmani, N. lepida, N.
mexicana, and N. stephensi can be distinguished from N. albigula, N. floridana and N.
micropus by the presence of a lateral dentine tract within the first lower molar (Harris 1984).
Locality specific studies have had varying success separating fossil Neotoma using
characteristics such as toothrow width, breadth of the second first molar loph, the rootward
extent of the anteromedial groove and the presence/absence of pits at the base of enamel
reentrants, among others (Dalquest et al. 1969, Zakrzewski 1993, Repenning 2004). While
genus identification is possible for all three molars, isolated second and third molars are not
identifiable to species and thus first molars are commonly used (Repenning 2004). However,
it is not clear how robust these patterns are because this work did not include the substantial

variation within each species.

The first upper molar (UM1) of Neotoma is particularly interesting because of variation
in an anterolingual fold on the anteroloph across the different species (Figure 1.2). The
anterolingual fold is generally shallow or lacking in N. stephensi and N. lepida, more
developed in N. cinerea, N. mexicana and N. micropus, and is considered highly variable in
N. floridana (Zakrzewski 1993, Repenning 2004). Variation in the fold has been reported in
coastal and desert populations of N. lepida in California and Mexico (Patton et al. 2007).
Thus, this feature may provide an additional metric for identification. Furthermore,

geographic variation in morphology between and within species may be related to



environmental variables (Travis 1994), and may be related to different degrees of herbivory
(Grayson, pers. comm). We hypothesize there to be a phylogenetic species level effect on
dentition, but with similarities between species to exist for populations found in similar

environments (potentially due to dietary overlap).

Figure 1.2. Photographs and mean shape of Neotoma molars. Photographs
of the first upper left molars of 6 species of Neotoma: A) N. albigula, B) N.
cinerea, C) N. floridana, D) N. lepida, E) N. mexicana, and F) N. micropus.
Scale bar displays 1mm of length. Mean shape of the first upper molar of
G) N. albigula, H) N. cinerea, I) N. floridana, J) N. lepida, K) N. mexicana,
and L) N. micropus produced from elliptical Fourier coefficients.

Here, we use geometric morphometrics to quantify the variation across several species

of the genus Neotoma, using an elliptical Fourier analysis of first upper molar outlines to



determine variation in shape across species. Geometric morphometrics is the quantification of
variation across similar morphological features by considering the form or shape of an object
independently of size or orientation (Claude 2008, Zelditch et al. 2012). Physical features are
recorded using different shape coordinate systems (commonly landmarks or outlines) to
compare deviations of morphological features across specimens. Landmarks use discrete,
homologous anatomical points to test for variations across similar structures. In contrast, 2D
outlines mark the entire perimeter of a shape to take into account curves and total shape of
each specimen; this can then be to determine similarities and differences in shape across
specimens (Bookstein 1997, Adams 1999, Adams et al. 2004). Previous studies using outline
analysis have employed elliptical Fourier analysis, in which closed outlines (made up of X, y
coordinates) are transformed into a set of harmonic ellipses with 4 coefficients each. The
elliptical Fourier analysis is used to produce a matrix of coefficients that describe each shape
in the data set, which can be used to run multivariate analyses (Kuhl and Giardina 1982,
Bonhomme et al. 2014). Applications of outline analysis include considering morphological
variation in mammal molars (Renaud et al. 1996 Michelle 2016), rodent mandibles (Renaud &
Millen 2001), human cranial deformation (Friel and Baylac 2003), leaf shape (Adebowale et

al. 2012), and pollen grains (Bonhomme et al. 2013), among others.

Materials and Methods

Species Examined

We focused on 6 species in the genus Neotoma.---We examined 230 Neotoma

specimens comprising 6 species (N. albigula (20), N. cinerea (90), N. floridana (20), N.



lepida (50), N. mexicana (30), and N. micropus (20)) from 23 localities in this study (Table
1.1, Figure 1.1). Specimens came from the Smithsonian National Museum of Natural History
(USNM) in Washington D.C., and the James F. Bell Museum of Natural History (MMNH) at

the University of Minnesota (St. Paul, MN) (Appendix 1 Table 1).

Table 1.1. Eigenvalues, proportional and cumulative
contribution for the first 9 (of 40) principle components,
explaining a total of 94% variation in molar outline
shape across Neotoma species. Principle components 10-
40 each had less than 1% of an effect on shape variation.

Principle Eigenvalues Proportion Cumu_lative
Component (%) Proportion (%)
1 5.13E-01 51.3 51.3
2 1.50E-01 15 66.3
3 9.96E-02 10 76.3
4 5.80E-02 5.8 82.1
5 4.58E-02 4.5 86.7
6 2.49E-02 25 89.1
7 2.04E-02 2 91.2
8 1.72E-02 1.7 92.9
9 1.13E-02 11 94

Neotoma albigula (White-throated woodrat) is primarily found in arid regions across
the southwestern United States and into central Mexico (Figure 1.1) (Hall 1981, Macédo and
Mares 1988). N. albigula is typically associated with cactus. In the Sonoran Desert, for
example, up to 4-45% of the white-throated woodrats’ diet can be made up of Opuntia,
which is thought to serve as both a food and water source (VVorhies and Taylor 1940, Olsen
1976, Orr et al. 2015). Populations in Colorado and across the Great Basin also consume
large quantities of Juniperus; as much as 35% of the diet, in the absence of Opuntia and

Yucca (Finley 1958, Dial 1988).



Neotoma cinerea (Bushy-tailed woodrat) has a geographic range from the Yukon and
Northwest Territory of Canada to the southwestern United States, spanning the Pacific shore
to the Great Plains (Figure 1.1) (Hall 1981, Smith 1997). The range covers ~30 degrees of
latitude, and a wide variety of habitats and climatic conditions. N. cinerea are predominantly
rock-dwellers, but can be found across vastly different habitats, such as desertic pinyon-
juniper forests, coastal deciduous-coniferous forests, and mountainous pine, Douglas fir and
aspen forests as long as rock shelter is available (Finley 1958, Brown 1968, Hickling 1987,
Smith 1997). The bushy-tailed woodrat is considered to have a highly generalized diet,
tending to eat abundant leafy vegetation, with preferences varying between different
subspecies and populations (Finley 1958, Smith 1997). Populations in Colorado, for
example, specialize on aspen, Douglas-fir, juniper, prickly-pear, hackberry, among a variety
of different plants (Finley 1958). Coastal N. cinerea eat higher quantities of Douglas-fir,

spruce and hemlock, along with a variety of other vegetation and berries (Carey 1991).

Neotoma floridana (Eastern woodrat) occupies both arid and subtropical areas,
ranging across the eastern United States, from the Atlantic coast (from Florida to North
Carolina) to the Great Plains (northern Colorado to southern Texas) (Figure 1.1) (Wiley
1980, Hall 1981). In Colorado, floridana makes use of cactus, as well as skunkbush,
greasewood and Yucca, but it has also been found to specialize on acorns, osage orange and
oak berries across its range, among other green vegetation, fruits and seeds (Murphy 1952,

Rainey 1956, Finley 1958, Wiley 1980).

Neotoma lepida (Desert woodrat) is found in arid habitats in the western United
States from southern Oregon and Idaho through the Baja California peninsula of Mexico

(Figure 1.1) (Hall 1981, Verts and Carraway 2002). N. lepida make use of various xeric



adapted plants, and tends to specialize on a few resources at a population level. Different
populations in California have been shown to focus on creosote, sage, oak, juniper and
Yucca, while consuming more juniper in Utah, shadscale and prickly-pear in Idaho and
Colorado (Finley 1958, Cameron and Rainey 1972, Meserve 1974, Verts and Carraway

2002).

Neotoma mexicana (Mexican woodrat) ranges across ~20 degrees of latitude, from
the southwestern United States (northern Colorado) to western Honduras (Figure 1.1) (Hall
1981, Cornely and Baker 1986). N. mexicana is considered to have a relatively generalized
diet, typically consuming foliage over other plant parts, and eating relatively little cactus or
grass (Finley 1958). Taking advantage of abundant resources, N. mexicana eats a variety of
plants, generally shrubs and forbs. The Mexican woodrat makes greater use of conifer
needles, scrub oak, and juniper in Colorado where it is found most commonly among oak and
pifion-juniper, and acorns and juniper berries in New Mexico and Texas, among other green
vegetation, seeds and nuts (Finley 1958, Cornley and Baker 1986, Schmidly and Bradley

2016).

Neotoma micropus (Southern Plains woodrat) is generally found in semiarid regions
in the southern Great Plains of the United States and northeastern Mexico (Figure 1.1) (Hall
1981, Braun and Mares 1989). N. micropus heavily utilizes cactus across its range. Opuntia
is a primary food source for micropus in both Colorado (as tree cactus) and Texas (as
prickly-pear) (Finley 1958, Schmidly and Bradley 2016). An absence of tree cactus will also
lead to a greater use of prickly pear and Yucca (Finley 1958). Across the species ranges, N.
micropus will eat mixed quantities of other green vegetation, fruits and seeds (Finley 1958,

Braun and Mares 1989).
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Specimen Selection and Preparation

We selected localities along the latitudinal and/or longitudinal gradients of each
species range to select for varying climatic conditions and potential differences in dietary
preferences. Specimens were included in localities using latitude, longitude or specific
locality from museum tag information. The majority of specimens included in each locality
were collected within a 3-5 year range, with the exceptions of Bear Lake, Harney and
Omiltemi whose years spanned approximately 50, 20 and 60 years, respectively. Specimens
selected were adults or sub-adults based on an assigned wear index and localities with fewer

than 10 individuals were removed from analyses.

Teeth were assigned a wear index from 1-5 using the following criteria: 1) Little to no
wear present, with enamel of the first molar not worn flat; 2) enamel of first molar flat but
little wear present; 3) molar worn but no rounding of enamel border is present; 4) molar worn
with slight rounding of enamel borders; 5) molar heavily worn and rounding of enamel edges
obscures outlines. Because tooth wear can cause changes to the occlusal surface in Neotoma
(Repenning 2004), molars that were assigned wear indexes of 1 or 5 were not used in
producing outlines of molars. Thus, populations were composed of specimens with wear

indices 2-4.

The occlusal surface of the upper first molars (UM1) was photographed using either
an Olympus Scope DP12, or a Canon EOS 70D with a Canon EF 50mm /1.8 STM lens.
Photographs were digitized into two-dimensional outlines of the left UM1. Right UM1s were
used for specimens whose left molar was missing or broken, with images being flipped
horizontally to mirror the orientation of a left molar. Outlines followed the outer edge of

enamel at the crown of the molar and were saved as X, y coordinates using the polygon tool

11



in ImageJ 1.50i. Outlines had an average of 178 points (+ 56 coordinates). Molar area was
measured using the polygon tool and length was measured using the straight line tool in
ImageJ 1.50i. Each specimen was measured twice to minimize measurement error; all length
measurements had a standard error below 0.05. The final data set consisted of 230 molars,
with outlines, areas and lengths. All analyses employed R 3.3.3 (R Core Team 2016) and

were performed in RStudio 1.0.136 (RStudio Team 2016).

Climate and Vegetation

To examine the interactions between climate, vegetation and molar morphology, we
obtained locality specific variables using ClimateWNA, PRISM and NASA EOSDIS
MODIS data. ClimateWNA provides scale free historical (1901-2014) climate data
throughout North America by locally downscaling historical PRISM and ANUSPLIN data
(Wang et al. 2016). Climate data for specimens collected between 1985-1900 was
downloaded from the PRISM (Daly et al. 2008), that has historical data modelled using 30-
year normals from North American station data for localities across the United States. We
used mean annual temperature (MAT), maximum annual temperature (MXAT), minimum
annual temperature (MnAT), mean annual precipitation (MAP), using locality latitude and
longitude for the year the specimen was collected. Specimens collected prior to 1985 or
without locality modelled climate data (N=45, including all specimens from localities: Jasper
House (N. cinerea), Coso (N. lepida) and Panamint Valley (N. lepida), were excluded and

climate analyses were performed on the remaining 185 specimens.

12



Precise vegetation indices by year could not be acquired for our specimens as they
were collected between 1880-1970. Therefore, in order to include an index for potential
differences in vegetation presence across our localities we used the Normalized Difference
Vegetation Index (NDV1) of the Moderate Resolution Imaging Spectroradiometer (MODIS)
data from NASA's Earth Observing System Data and Information System (EOSDIS)

(https://earthdata.nasa.gov/about). We used the MODIS/Terra Vegetation Indices Monthly

L3 Global 0.05 Deg CMG V006 (MOD13C2.006) data set, which has a 0.5° spatial and
monthly temporal resolution of NDVI from February of 2000 to the present (Didan 2015).
NDVI is a calculated ratio using near-infrared radiation (NIR) to red reflectance (Red):
NDVI = (NIR — Red) / (NIR + Red). This normalized transform gives values between -1 and
1, with 1 indicating the largest proportion of green leaves present and 0 indicating the
absence of vegetation (Didan 2015). NDVI was obtained from raster files from the
MOD13C2.006 February 2000 data using QGIS Desktop 3.03 and locality latitude and

longitude and analyses included all 230 specimens.

Data Analysis

We examined variation in molar size (length and area) between and across species
localities of Neotoma using analysis of variance (ANOVA) and Tukey multiple comparisons
of the means tests. Kruskal -Wallis and Wilcoxon rank sum tests were used for localities
where the assumptions for parametric analyses were not met (across N. lepida and N.
mexicana). We used multiple linear regressions with AIC to investigate whether molar size
correlated with climate (MAP, MAT, MXAT or MnAT) or vegetation (NDVI). Furthermore,

because cheek teeth have been shown to scale isometrically with body size (Fortelius 1985),

13
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linear regressions were used to evaluate the relationship of molar length and area with body

size using specimens body length (total length minus tail length) information.

Outlines (x, y coordinates) were imported into R and a general Procrustes analysis
(GPA) was run to superimpose outlines prior to running an Elliptic Fourier analysis (EFA).
The GPA was performed to account for any differences in the starting point, size, orientation
and location of outlines, which can affect the EFA (Rohlf 1990). Ten configuration
landmarks were placed at homologous points along the molar outlines for use in
reorientation. The GPA uses an average molar shape to center and normalize the orientation
and size of all outlines by minimizing the difference between the sum squared distances of
each outline to the centroid size of the mean shape. The configuration landmarks are used to
calculate rotation parameters for each outline per iteration (Rohlf and Slice 1990, FrieR and
Baylac 2003, Claude 2008, Zelditch et al. 2012). An Elliptical Fourier analysis was then
performed on the outlines. EFA can be used to turn the x, y coordinates for each closed
outline into a harmonic ellipse. Each harmonic is described by four coefficients (two for each
x and y coordinate) which define the shape of the original outline (Kuhl and Giardina 1982,
Bonhomme et al. 2014). Here, we chose to use 10 harmonics, accounting for 99% of the total
harmonic power, such that the shape of each molar was approximated using 40 EF

coefficients.

Principal component analysis (PCA) was performed on the elliptic Fourier
coefficients to characterize variation in the shape of UM1 across Neotoma. PCA reduced the
number of EF coefficients into independent principal components (PCs) that describe the
primary components of variation in molar shape (Table 1.1). We plotted the PCs against each

other to visualize UM1 shape relationships across our Neotoma species. An inverse Fourier
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transform was used to visualize the effect of each PC on the shape of the molar outline on the
PC scatterplots. A multivariate analyses of variance (MANOVA) was performed on the first
9 resulting PC scores, retaining 94% of explained variation (Table 1.1), to test for differences
in molar outlines of species across the genus and across localities at the species level. Further
differences between species and across species localities was considered using a jackknife
validation within a canonical variate analysis (CVA). CVA uses linear combinations of input
variables to test group discrimination by considering differences among group means using
within-group variation to scale the axes of the CV coordinate system (Zelditch et al. 2012). A
CVA was run on the first 9 principle components to test whether specimen molars could be
reliably assigned to species. We ran multiple linear regressions with AIC on the first 3 PC
scores to examine whether shape of the upper first molar was associated with regional
climate or vegetation. Outline analyses were run using the packages Momocs 1.3.0

(Bonhomme et al. 2012) and Morpho 2.6 (Schlager 2016).

Phylogeny

We tested for a phylogenetic signal on molar shape by considering the mean molar
shape of each species, as produced by the elliptical Fourier coefficients, against the estimated
Neotoma phylogeny from Matocq et al. (2006). To reproduce the general Neotoma tree
topology from Matocq et al. (2006), we downloaded all sequenced loci (4 mitochondrial:
12S, 16S, COIll, cytb; 4 nuclear: MLR, MYH6, EN2, FGB) for a representative from each
species (N. albigula, NK50148; N. cinerea, BYU17790; N. floridana, TK52109; N. lepida,
MVZ197379; N. mexicana, TK78350; N. micropus, TK54559) from GenBank. Sequences

were aligned using MUSCLE v3.8 (Edgar 2004). We generated a maximum-likelihood
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phylogeny in RaxML v. 8.2 (Stamatakis 2014) with 10,000 iterations and a 25% burn-in
under a GTR model of evolution. The resulting newick tree was imported into R and
analyzed using Geomorph 3.0.6 (Adams et al. 2018). We tested for phylogenetic signal
(“physignal”, 10,000 iterations) against morphology data comprised of 120 mean molar
shape coordinates per species. The function “plotGMPhyloMorphoSpace” was used to
produce the plot of the phylogeny across principal dimension of tangent space based on the

Procrustes-aligned 230 elliptical coordinates.

Results
Teeth Size and Body Mass

The size of the first upper molar was significantly different in both length (ANOVA:
F-value = 77.22, df = 5/224, p < 0.001) and area (ANOVA: F-value = 8.33, df = 5/224, p <
0.001) across Neotoma species (Table 1.2, Figure 1.3). Furthermore, both the area and length
of the UM1 were significantly correlated with each other (linear model: F = 186, adjusted r?
=0.45, df = 228, p-value < 0.001) and total body length. Molar length, however, acts as a
better proxy for body size (linear model: F = 274.9, adjusted r? = 0.58, df = 197, p-value <
0.001) than molar area (F = 119.4, adjusted r? = 0.37, df = 197, p-value < 0.001). Significant
differences in molar length and area therefore reflect differences in body size across
Neotoma. Neotoma cinerea and Neotoma lepida had significantly different molar lengths to
all other species and each other, while N. floridana, N. mexicana and N. micropus were
indistinguishable (Table 1.2, Figure 1.3). Differences in molar area were found only between

Neotoma lepida compared to N. cinerea and N. micropus (Table 1.2). With the exception of
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Neotoma albigula and Neotoma micropus, UM1 length and area, and therefore body size,

were also found to be significantly different across various populations within the same

species (Table 1.2).

Table 1.2. Results of the Tukey multiple comparisons of the means tests for ANOVAS run
on the molar area and molar length across Neotoma species and localities. Kruskal-Wallis
and Wilcoxon rank sum tests are reported for molar area of N. lepida and N. mexicana.
Significant differences are denoted as follows: p-value < 0.05 (*), p-value < 0.01 (**) and
p-value < 0.001 (***). Only species or localities with significant differences shown.

Across Species
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Figure 1.3. Molar length and area across Neotoma localities. Distribution of
upper first molar A) area (mm?) and B) length (mm) across species of Neotoma
with localities ranked from lowest to highest latitude (left to right).

Molar Shape

The shape of the first upper molar varied significantly among species of Neotoma
(MANOVA, HL = 3.88, df =5, p-value < 0.001). The results of the pairwise MANOVA
showed significant differences in shape between all species (all pairs: p-value < 0.01). PCA
of the EF coefficients found the first 9 PCs to explain about 94% of the variance in molar
shape (Table 1.1). The elliptic Fourier analysis (Figure 1.4) found three general “morpho”

groups across Neotoma. The two groups with the most variation in molar shape separate N.
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cinerea and N. mexicana from N. albigula and N. lepida. However, N. floridana and N.
micropus are less differentiable from the four other species and from each other. Ellipses
representing 50% confidence ranges for species molar morphology, show a large degree of
overlap across N. floridana and N. mircopus with the four other species across PC1-3 (Figure
1.4A-C). Comparisons of the first 3 PCs (Figure 1.4A-C), which account for ~76.3% of
molar shape variation separate species into 3 general morpho-groups: Group A (N. cinerea
and N. mexicana), Group B (N. albigula and N. lepida) and Group C (N. floridana and N.
micropus). PC1, accounting for 51.3% of outline variation in shape (Table 1.1), describes the
degree of folding along the reentrant on the lingual side of the molar (Figure 1.4D).
Specimens with lower PC1 values have deeper grooves between the lophs of the UM1 and a
clear presence of the anterolingual fold. Higher PC1 values correspond to molars with a
shallower groove along the lingual side of the tooth and absence of the anterolingual fold.
PC2, characterizing 15% of molar shape variation (Table 1.1), describes molar width and
angle of the lophs in relation to the lingual-bucco plane. Higher PC2 values represent wider
molars, with the lophs arranged more parallel to one another from anteroposteriorly (Figure
1.4D). Thinner molars whose lophs have great anteroposterior angling have lower PC2
values. PC3 describes variation in the width and spacing of the 3 lophs, with higher values
corresponding to wider lophs and lower PC3 values corresponding to thinner, generally more

separated lophs (Figure 1.4D).
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Figure 1.4. Principle Components of Neotoma molar shape. First 3 principle components plotted
against one another for all 230 specimens. Ellipses represent 50% confidence range for species
UM1 outline shape. Together, PC1-3 explain 76.3% of variance in shape, with differences being
represented by molar shape projections (grey) for A) PC1 vs PC2, B) PC1 vs PC3, and C) PC2 vs
PC3. D) +2SD (blue) and — 2SD (red) from mean molar shape shows the variance explained by
PC1-3.

Overall, outline analysis could not consistently assign molars to the correct species.
Indeed, jackknife validation of the CVA on the first 9 PC scores (encompassing 94% of
shape variation) outlines into the correct species only 68.3% of the time. However,
classification of some species was much more robust. For example, N. cinerea had the
highest percent of correct classification (91.1%), followed by N. mexicana (76.7%). After
which only N. lepida was classified correctly more than 50% of the time (68%, Table 1.3).
The medium sized species were classified correctly just under half the time, N. albigula
(45%) and N. micropus (40%). N. floridana was misclassified the most, with only 5% of
molars belonging to the species being placed within the appropriate group. Neotoma cinerea

and mexicana were most commonly misclassified as each other (4.4% and 20%,
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Table 1.3. Percent of Neotoma UML1 outlines correctly classified to species from canonical variate
analysis jackknife cross-validation. Bold values indicate outlines that were correctly assigned to their
species over 50% of the time.

% Classification:
N. N. N. N. N. N.
albigula cinerea | floridana | lepida | mexicana | micropus
N. albigula 45.0 5.0 0.0 20.0 10.0 20.0
< N. cinerea 0.0 911 2.2 2.2 4.4 0.0
§ N. floridana 10.0 25.0 5.0 40.0 0.0 20.0
é N. lepida 10.0 4.0 16.0 68.0 0.0 2.0
é N. mexicana 0.0 20.0 0.0 0.0 76.7 3.3
N. micropus 10.0 5.0 10.0 25.0 10.0 40.0

respectively), and are rarely misclassified with other species (Table 1.3). In contrast, over
half of the N. albigula and N. micropus were misclassified, most commonly as N. lepida and
N. floridana, respectively. N. floridana was misclassified as N. lepida more often (40%) than
as any other species (Table 1.3). Comparisons of the first 3 CV scores (Figure 1.5, A-C) are
shown to highlight species variation in UM1 outline shape across Neotoma, with explained
proportions of within-group variation being CV1 64.8%, CV2 27.2% and CV3 5%. Jackknife
validation testing for how accurately individuals could be classified to locality within species
found somewhat opposite results. Species that were more distinguishable by molar shape
across the genus tended to have lower accurate assignments to locality, and vice versa. Every
individual of N. floridana, for example, was correctly assigned to locality, while N. cinerea
could only be correctly assigned to locality about 26% of the time. Of the remaining species,
N. micropus and N. mexicana individuals were correctly sorted to locality over half the time
(75% and 60%, respectively), while over half of N. lepida (46%) and N. albigula (35%) were

misplaced.

21



Figure 1.5. Canonical Variate Scores of Neotoma molar shape. Comparison plots of first 3
canonical variate scores calculated from the first 9 PC scores. Ellipses represent 50%
confidence ranges for correct classification to species. CV1 explains 64.8% of within-group
variation, CV2 27.2% and CV3 5%.

Climate and Vegetation

We found significant correlations between size and shape and climatic variables and
vegetation index. Mean annual precipitation (MAP), mean annual temperature (MAT) and
minimum annual temperature (MnAT) gave the highest quality model for UM1 length
(multiple regression model: AIC = -530.9, adjusted r? = 0.21, df = 181, p-value < 0.001,
Table 1.4), with a negative relation between temperature and length. Shape variation as
characterized by PCs 1-3 were significantly correlated with both climate and vegetation, with

maximum annual temperature (MxAT) consistently present in all significant models (Table
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1.4) and associated with shallower folding patterns, wider molars and wider, more closely
situated lophs. Climate was significantly correlated with molar area in N. floridana (MAT),
N. lepida (MAP, MAT, MnAT) and N. mexicana (MAT, MxAT), but no correlation was
found between molar area and vegetation (Table 1.4). Maximum temperature was
significantly and negatively correlated with N. mexicana (Table 1.4), while MAP, MAT,
MnAT, NDVI were correlated with molar length in N. cinerea and N. lepida. PC1 (degree of
lingual folding) was not found to be significantly correlated with climate between
populations of Neotoma species (Table 1.4). Mean annual temperature was important in the
majority of significant models. Minimum annual temperature was important to significant
size and shape correlations in N. cinerea, N. lepida, N. micropus, while maximum annual
temperature was most present in correlations across N. mexicana. The vegetation index was
not found to be significantly correlated to shape variation between Neotoma species

populations.

Table 1.4. Multiple regression model results of climate and vegetation index to UM1 length
and area across species (Spp.). Models included climate and vegetation variables: mean
annual precipitation (MAP), mean annual temperature (MAT), maximum annual temperature
(MxAT) and minimum annual temperature (MnAT), normalized difference vegetation index
(NDVI) from ClimateWNA (Wang et al. 2016), PRISM (Daly et al. 2008) and NASA
EOSDIS Land Processes DAAC (Didan 2015). Significance (Sig.) of models are denoted as
follows: not significant (ns), p <0.05 (*), p <0.01 (**) and p < 0.001 (***).

Spp. Size Variable Best Model Variable Sign AlC F Adj.r? | df Sig.
UM1 Area MXAT + NDVI +, - -76.7 2.97 0.02 182 ns

UM1 Length MAP + MAT + MnAT +, - - -530.9 17.63 0.21 181 Fkx

% PC1 MAP + MxAT + NDVI -+, - -1143.6 | 14.35 0.18 181 Frx
g PC2 MAPHMAT MXATHMAT |+ - | 43512 | 492 | 01 | 179 | ==
PC3 MXAT - -1419.4 | 18.62 0.09 183 Fxx

PC1+PC2 + PC3 MAP + MxAT -+ -1045.8 | 11.86 0.11 182 Frk
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Spp. Size Variable Best Model Variable Sign AlC F Adj.r? | df Sig.
UM1 Area MAP + MAT -+ -8.2 1.58 0.06 17 ns

UM1 Length MAP + MAT + MXAT -+, - -71 1.84 0.12 16 ns

% PC1 MAT + -137.4 212 0.06 18 ns
% PC2 MAT + -154.1 0.92 0 18 ns
PC3 MAP + MxAT +, - -157.7 1.71 0.07 17 ns

PC1+PC2 +PC3 MAT + -118.8 2.06 0.05 18 ns

UM1 Area MAP + -28.7 0.88 0 65 ns

UM1 Length MAP + MAT + MnAT + NDVI +, + -+ -232.9 3.71 0.14 62 **

§ PC1 MAT + MnAT +, - -437.4 2.09 0.03 64 ns
% PC2 MAT + MxAT + MnAT + NDVI -+t - -488.9 2.52 0.08 62 ns
PC3 MAT + NDVI +, + -560.2 4.09 0.09 64 *

PC1+PC2 + PC3 MxAT + -399 1.42 0.01 65 ns

UM1 Area MAT - 0.3 5.87 0.26 18 *

UM1 Length MAT - -69.9 0.79 -0.01 18 ns

g PC1 MAT - -131.6 1.03 0 18 ns
S PC2 MAP + 41532 | 02 | 004 | 18 | ns
PC3 MAT + -165.2 50.79 0.72 18 el

PC1+PC2 +PC3 MxAT + -122.4 3.03 0.1 18 ns
UM1 Area MAP + MAT + MnAT -+, - -38.5 8.97 0.47 24 Frk

UM1 Length MAP + MAT + MnAT + NDVI -+ -109.8 2.87 0.22 23 *

g PC1 MXAT - -182.7 3.94 0.1 26 ns
e PC2 MAT + MxAT + MnAT e 206 | 753 | 042 | 24 | **
PC3 MnAT - -232.1 0.19 -0.03 26 ns

PC1+PC2 +PC3 MAP - -157.4 13 0.01 26 ns

UM1 Area MAT + MxAT +, - -34.4 8.71 0.35 27 *x
UM1 Length MXAT - -110.9 18.19 0.37 28 Fxx

% PC1 MXxAT + -192 1.04 0 28 ns
g PC2 MAT + MxAT + - 2274 | 1028 | 039 | 27 |
PC3 MAP + MAT + MXAT - -235.7 3.77 0.22 26 *

PC1+PC2 +PC3 MAT - -163.3 0.58 -0.01 28 ns

UM1 Area MAT + -6.3 0.69 -0.02 18 ns

UM1 Length MxAT - -62.6 1.62 0.03 18 ns

g PC1 MAT - -132.8 0.22 -0.04 18 ns
2 PC2 MAT + MXAT + MnAT + - - -161.3 | 3.25 0.26 16 *
PC3 MAP - -142.6 0.76 -0.01 18 ns

PC1+PC2 +PC3 MAP - -115.4 2.35 0.07 18 ns
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Phylogeny

Our maximume-likelihood tree topology matched that of Matocq et al. (2006) (Figure
1.6). Molar outline shape did not exhibit a significant phylogenetic signal (K = 0.7075, p-
value > 0.05), suggesting that more closely related Neotoma species did not have strong
similarities in molar outline. Projection of the phylogenetic tree onto shape space (Figure
1.6), shows a series of overlapping branches and lack of clustering among sister species;

phylogeny does not drive the overall patterns in molar shape.

Figure 1.6. Neotoma Cladogram and Phylogeny in Shape Space.
A) Maximum-likelihood tree topology of Neotoma
reconstructed from Matocq et al. (2006). B) Phylogenetic tree of
Neotoma as projected in morphospace for PC1 and 2.
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Discussion

We find that both the size and shape of the first upper molar of Neotoma varies
significantly both between and within species. The significant relationship between molar
size and body length, coupled with the known correlations between body size and
temperature suggests molar size likely reflects ambient temperatures (Brown and Lee 1969,
Smith et al. 1995, 1998, Smith and Betancourt 1998, 2003). An overall lack of phylogenetic
signal in the evolution of molar outline shape for species may suggest that variations are not

solely driven by lineage, but may reflect dietary ecology.

Differences in molar length reflect previously observed patterns in body size of
Neotoma. Neotoma whose species’ ranges have wide latitudinal gradients, such as N. cinerea
and N. mexicana, exhibit a north to south body size gradient (Cornely and Baker 1986, Smith
1997, Smith and Betancourt 2003). Neotoma lepida is an exception to this pattern and
southern populations are generally larger than northern ones (Verts and Carraway 2002).
However, it should be noted that the temperature gradient across the range of N. lepida is east
to west, with eastern, desert populations being typically smaller than western, coastal
populations (Brown and Lee 1969). We found both of these patterns reflected in our data
(Figure 1.3). Furthermore, because we found body length to be significantly correlated with
molar length, we suspect these patterns reflect local population adaptations of body size to
temperature. Past work on Neotoma demonstrated a strong response of woodrats to
environmental temperature across both space and time; increased temperature led to
decreased body size (Brown and Lee 1969, Smith et al. 1995, 1998, Smith and Betancourt
1998, 2003). Indeed, woodrats are the poster child for Bergmann’s Rule, which states that

within a genus, species that are found further north at colder latitudes tend to be larger than
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those found further south at warmer latitudes (Bergmann 1847, Mayr 1956). When
considering all species together, we found mean and minimum annual temperature be
negatively correlated to UML1 length (Table 1.4). Furthermore, molar length had a negative
correlation with minimum annual temperature in N. cinerea, and maximum annual
temperature in N. mexicana. Because these species are at the northern and southern most
latitudes of the genus range, respectively, it would make sense that the lowest and highest
temperatures would negatively affect body length, as N. cinerea would increase body size
with decreasing temperatures, while N. mexicana would decrease body size with increasing

temperatures.

The complexity of the molars generally supports previously described molar shape
variations within the genus. N. mexicana and N. cinerea have the lowest PC1 values,
exhibiting a greater folding of the anterior lophs, with more a prominent anterolingual fold
(Figure 1.2H, K, Figure 1.4A, B). In contrast, N. albigula and N. lepida have wider lophs
with shallower folds between them, and minimal to no development of the anterolingual fold
(Figure 1.2G, J, Figure 1.4A-C). The mean UML1 shape of N. floridana and N. micropus
(Figure 1.21, L) do not have as wide or shallow lophs as N. albigula and N. lepida, but also
do not have as deep of an anterolingual fold as N. cinerea and N. mexicana. Thus, the
greatest degree of UM shape difference is between N. cinerea and N. mexicana versus N.
albigula and N. lepida. These results support those described by Van Devender et al. (1977),
and align generally well with Zakrzewski (1993) and Repenning (2004), though we did not
find ridge folding to be as prominent within our N. micropus specimens. While these general
patterns may assist in identifications into 3 morpho-group classifications the results of the

jackknife cross-validation (Table 1.3) suggest that precise classification to the species level
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using outline shape alone is not reliable for distinguishing across these 6 species of Neotoma.
Interestingly, the greater similarity between species in morphospace does not reflect

phylogenetic relations across the genus (Figure 1.5).

The lack of phylogenetic signal coupled with the grouping of species into 3 general
morpho-groups may indicate an important relationship with diet. Matocq and Murphy (2007)
similarly found that craniodental morphology diverged in overlapping populations of N.
fuscipes and N. macrotis. Within the six species of Neotoma discussed here, N. cinerea and
N. mexicana are the two species consuming the least amount of succulent plants (Finley
1958, Cornley and Baker 1986). Neotoma albigula and N. micropus share similar dietary
habits (large quantities of Opuntia) compared to the N. cinerea and N. mexicana, while
neither N. lepida nor N. floridana are as dependent on cactus as N. albigula and N. micropus
(Finley 1958, Vorhies and Taylor 1940). Species subsisting on softer, more succulent foods
(e.g. cacti) have a lower degree of folding along the lophs of their molars. In contrast, species
such as N. cinerea that are larger in body size may be making larger use of a wider amount of
tougher or fibrous foods (e.g., juniper oak, fruits, seeds, etc.) (Finley 1958, Cornley and
Baker, 1986, Smith 1995a, 1997, Wang et al. 2003) and exhibit molars whose lophs tend to
be more tightly angled. Because increased folding patterns may provide more efficient
grinding across the occlusal surface of the teeth (Kay and Hiiemae 1974, Ungar 2010),
selection pressure maybe drive the greater anterolingual folding (represented by PC1, Figure
1.4A, B and D) in N. cinerea and N. mexicana whose populations generally make use of a

larger variation of resources across their species ranges.

We were only able to robustly classify 2 species based on their molars. In particular,

cross-validation was effective for Neotoma cinerea and N. mexicana (90% and 75%,
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respectively, Table 1.3, Figure 1.5A-B) followed by N. lepida (68%, Table 1.3, Figure 1.5A-
B). N. cinerea and N. mexicana are the two species that most clearly separated from other
groups by PC1 and PC3, which together explain about 60% of molar outline variation in
shape (Table 1.2, Figure 1.4B). While efforts were made to select for specimens within a
certain age range, the degree of wear along a molar can cause large variations in the occlusal
surface of teeth (Harris 1984, Ledevin 2010, Guérécheau et al. 2010, Mitchell 2016), the

effects of which may be playing an important role in species classification.

The relationship between differences in shape (PC1-3) and climate is not as clear.
Species that are more related in morphospace do not share the same correlations with
temperature and precipitation (Table 1.4). The first 3 PC scores (~76% of explained outline
variation) are significantly correlated to mean annual precipitation and maximum annual
temperature across Neotoma, with PC1 and PC2 also being correlated to vegetation index
(Table 1.4). The relationship between shape and climate across all species would suggest that
individuals experiencing less precipitation, hotter temperatures or in areas with less green
vegetation should generally have lophs that are wider with smaller in-folding angles between
lophs. The first PC, or about half of explained shape variation (Table 1.1), was not

significantly correlated with climate at the species level (Table 1.4).

Intraspecific variation in molar size was found across different localities of N.
cinerea, N. floridana, N. lepida, and N. mexicana (Table 1.2). Significant differences in
molar length, and thus correlated body size, of N. cinerea, N. lepida and N. mexicana were
found across each species latitudinal range, with size patterns for N. cinerea and N. mexicana
conforming to Bergmann’s rule. Indeed, molar length at Jasper House, the second most

northern locality of N. cinerea, was found to be significantly larger from 5 of 8 other
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southern localities (Table 1.2, Figure 1.2). N. mexicana’s Omiltemi population at the extreme
south of the range (Figure 1.1) was significantly smaller compared to both northern
populations (Table 1.2, Figure 1.2). As such, N. cinerea and N. mexicana tend to increase in

body size from southern, warmer localities to northern, colder localities.

Interestingly, cross-validation of localities by outline shape found that N. floridana
and N. micropus were correctly classified 100% and 75% of the time, respectively, despite
these 2 species having the lowest correct classifications when looking across all 6 species.
Furthermore, molar area was significantly different between the 2 populations of N. floridana
considered. Neotoma floridana and N. micropus were found to have intermediate folding and
loph patterns (Figure 1.4-1.5), between Morpho-Group A (N. cinerea: N. mexicana) and
Morpho-Group B (N. albigula: N. lepida). The 100% correct classification of members of N.
floridana into their proper localities may suggest a correlation with different local diets.
While N. floridana makes use of an array of resources across its range, the species, as with
most Neotoma, will specialize on the most abundant resources between localities (Murphy
1952, Rainey 1956, Finley 1968, Wiley 1980). Different selective pressures across
populations may then be driving morphological changes in the molar form of N. floridana
such that variation between localities is greater. In contrast, N. cinerea, which has the most
identifiable morphology between species (Table 1.3), is only correctly identified about 25%
of the time at the locality level. The inability to classify N. cinerea at the local level may be
due to the wide range of resources across its extensive species range (Finley 1968). The
differences in inter- and intraspecific classifications may also be an artifact of the higher
representation of N. cinerea compared to N. floridana or N. micropus in our data set, as well

as a larger geographic range, encompassing a broader set of habitats (Figure 1.1).
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Overall, the six species of Neotoma examined in this study show varying degrees of
differences in the size and shape of the first upper molar. Strong correlations of molar and
body length compliment previously described patterns of latitudinal and temperature
gradients, both between and within species. While elliptical Fourier analysis of molar outline
did not provide a general tool for discriminating between all species, it was useful for some,
and moreover, suggested a potential link between dental morphology and dietary
generalization/specialization both at the species and local level. A combined use of size
measurements and shape analysis may further increase precision of molar classifications.
Species within Morpho-Group B, for example, would likely become better resolved when
accounting for the fact that N. lepida is typically smaller than N. albigula. Here we used
dietary preference as described in the literature to explain certain morphological patterns. A
study comparing variation in shape for individuals using exact resource use or stable isotope
analysis to characterize isotopic niche space would provide greater insight into the role of
diet with variation in dental morphology across the genus. The abundance of Neotoma in the
fossil record of North America, particularly through the extensive use of the animal and plant
remains of their paleomiddens would further improve our understanding of what these
records show, not only for the genus of Neotoma, but the ecosystem with which they

coexisted.
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Chapter 2

The response of a small herbivorous mammal (Sigmodon hispidus, hispid cotton rat) to

the Late Pleistocene megafauna extinction
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Abstract

The catastrophic loss of large-bodied mammals during the terminal Pleistocene likely
led to cascading effects within communities. While the extinction of the top consumers
probably expanded the resources available to survivors of all body sizes, little work has
focused on the responses of the smallest mammals. Here, we use a detailed fossil record from
the southwestern United States to examine the response of the hispid cotton rat (Sigmodon
hispidus) to biodiversity loss and climatic change over the late Quaternary. In particular, we
focus on potential changes in diet and body size. We characterize diet through carbon (§:*C)
and nitrogen (5'°N) isotope analysis of bone collagen in fossil jaws and body size through
measurement of fossil teeth; the abundance of material allows us to examine population level
responses at millennial scale for the past 16ka. Sigmodon was not present at the cave during
the full glacial; first appearing at ~16ka after ice sheets are in retreat. It remained relatively
rare until ~12ka when warming Holocene temperatures allowed it to expand its species range

northward. We find changes in both diet and body size of Sigmodon hispidus over time: the
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average body size of the population varied by ~20% (90-110g) and mean §'3C and 5'°N
values ranged between -13.5 t0 -16.5%o and 5.5 to 7.4%o respectively. Employment of a state-
space model suggested changes in mass were influenced by diet, maximum temperature and
community structure, while the modest changes in diet were most influenced by community
structure. Overall, Sigmodon exhibited a high level of ecological plasticity, maintaining a
fairly similar dietary niche over time despite contemporaneous changes in climate and
herbivore community composition that followed the megafauna extinction. Broadly, our
results suggest that small mammals may be as sensitive to small-scale biotic interactions

within their ecosystem as they are to large-scale changes.

Introduction

Large-bodied mammals play a critical role within communities and ecosystems. Either
directly or indirectly, they influence soil and vegetation structure and composition, nutrient
cycling and other biogeochemical processes, and especially, the distribution and abundance of
other mammals (Ripple et al. 2015, Malhi et al. 2016, Smith et al. 2016a). The loss of apex
consumers can lead to cascading effects, changing community structure and species (Estes et
al. 1998, 2011, Schmitz et al. 2000, Shurin et al. 2002, Dirzo et al. 2014, Ripple et al. 2014).
For example, experimental removal of large-bodied mammals from plots across a variety of
ecosystems has led to increased rodent abundance, likely because of alterations of vegetation
abundance and composition (Keesing 1998, Parsons et al. 2013, Galetti et al. 2015). While
empirical studies demonstrate rapid responses by the small-bodied mammal community, the
ultimate consequences remain unclear, since direct and indirect effects may take decades or

longer to be fully realized (Brown and Munger 1985, Smith et al. 1997, Ernest et al. 2000,

33



Brown et al. 2001). Thus, longer-term perspectives are essential for investigating the influence
of biodiversity loss and predicting how such events may change the interactions and dynamics
within an ecosystem over evolutionarily relevant time scales (Smith et al. 2010, Blois et al.
2013). Moreover, given the precarious state of most megafauna today (Davidson et al. 2009,
Ripple et al. 2015, Smith et al. 2016a), such studies are crucial for effective management.
The late Pleistocene megafaunal extinction led to the loss of more than 70 species in
North America, including all mammals weighing > 600 kg (Martin and Klein 1989, Lyons et
al. 2004). The high degree of size-selective extinction was unprecedented in the Cenozoic
mammalian record (Alroy 1999, Smith et al. 2018), and likely had significant impacts on the
community structure and function of surviving animals (Smith et al. 2018). For example,
extinct species had significantly more ecological associations than do modern species today,
suggesting a more tightly organized web of species interactions (Smith et al. 2016b). Thus,
loss of megafauna at the terminal Pleistocene is a good proxy for examining the consequences
of modern losses in biodiversity, which preferentially target Earth’s remaining large-bodied
mammals (Davidson et al. 2009, Smith et al. 2018). Here, we are particularly interested in the
influence of biodiversity loss on surviving smaller-bodied mammals within the community.
Confounding the loss of biodiversity at the end Pleistocene was a rapidly changing
climate associated with the termination of Pleistocene glaciations. While temperatures in the
Northern Hemisphere increased from the late Pleistocene to the Holocene, this millennial-scale
climate warming was punctuated by several significant temperature fluctuations (IPCC 2014).
These included the Younger Dryas (12.8-11.5 ka) — a cooling and warming event which
terminated in a particularly abrupt 7°C temperature increase over as little as several decades,

the 8.2 ka cold event — a sudden ~3C decrease in global temperature that persisted for several
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centuries, and the mid-Holocene Warm Period or Climatic Optimum (~7-5 ka), which appears
to have been concentrated in the Northern Hemisphere (Alley 2000, Rohling and Palike 2005,
Li et al. 2012). These and other climatic changes led to substantial shifts in the composition
and distribution of flora and fauna across North America at both regional and continental scales
(Prentice etal. 1991, Graham et al. 1996, Whitlock and Bartlein 1997, Lyons 2003, 2005, Blois
et al. 2010, Gottfried et al. 2012, Cotton et al. 2016).

Fluctuations in environmental temperature are known to influence the morphology and
ecology of species (Bergmann 1847, Brown 1968, Andrewartha and Birch 1984, Gylnn 1993,
Smith et al. 1995, Ashton et al. 2000, Stenseth et al. 2002, Walther et al. 2002, Millien et al.
2006). Indeed, the ecogeographic relationship between population and/or species body mass
and temperature gradients is so well-characterized it is termed Bergmann’s rule; the principle
that within a genus, larger species are found in colder climates and smaller species in warmer
ones (Bergmann 1847, Mayr 1956). Bergmann’s rule is well-supported for most mammals both
across time and space, suggesting environmental temperatures have a strong impact on body
size evolution (Brown and Lee 1969, Smith et al. 1995, Ashton et al. 2000, Gillooly et al. 2001,
Freckleton et al. 2003, Millien et al. 2006, Smith 2008); but see: McNab 1971 and Blackburn
et al. 1999. Moreover, changes in body size have consequences because of the allometric
scaling of many life history and physiological processes such as metabolism, growth,
reproduction, locomotion, home range size, and even the degree of consumption of plant fiber
(McNab 1980, Peters 1983, Calder 1984, Justice and Smith 1992, Smith 1995a). Thus,
selection for a larger (or smaller) body size changes how animals interact with and/or are

impacted by their ecosystem (Damuth 1981, Peters 1983, Calder 1984). This coupling of
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climatic change at the late Quaternary with the terminal Pleistocene megafauna extinction
likely led to substantial ecosystem alterations for surviving mammals.

We assessed the relative importance of changes in climate, resources and community
structure on both diet and body size of Sigmodon hispidus, a medium sized herbivorous
rodent, over the past 16,000 years. We employ stable isotope analysis and measurements of
fossil molars. We focused on an exceptionally well-stratified and radiocarbon dated fossil
record in the Edwards Plateau, Great Plains of Texas. In the Pleistocene, S. hispidus lived
there with a diverse assemblage of megaherbivores, including mammoths, giant ground
sloths, mastodons, camels, and multiple species of horses and pronghorn. Because today
Sigmodon hispidus is generally most abundant in grass dominated habitats where it primarily
consumes green grass stems (Kincaid and Cameron 1982, Randolph et al. 1991), we
hypothesized its degree of niche specialization would lead to greater pressure from
ecosystem changes at the late Quaternary.

Stable isotope analysis has become a common proxy for characterizing shifts in diet
through space and time (Koch 2007), and can provide unique insights into foraging ecology
on different time scales depending on the tissues analyzed (Martinez del Rio et al. 2009).
Isotope analysis has been used in both paleontological and archaeological contexts to quantify
ecological shifts, including the relative use of different plant functional types by consumers,
trophic structure (e.g., food-chain length), and niche partitioning that are otherwise difficult to
interpret using traditional paleontological approaches (Koch 2007, Koch et al. 2009). Here, we
were fortunate that collagen was well-preserved in the fossil bones, allowing measurement of

both §*3C and §*°N values for fossils spanning the late Pleistocene to Holocene transition.

36



Earlier studies suggested Sigmodon hispidus follows Bergmann’s rule (Ashton et al.
2000, Meiri and Dayan 2003); thus, we hypothesized that increased Holocene temperatures
likely led to decreased body size (Figure 2.1a, path C). Shifts in climate and in the composition
of the herbivore community, however, may have had indirect effects through changes in
vegetation composition and/or resource availability; these could have led to selection for larger
or smaller body size (Figure 2.1a, paths AE, AG, DE, DG). Community reorganization might
also have directly influenced competitive interactions for resources (Figure 2.1a, paths F, H).
Because studies of modern megafauna suggest their absence leads to an increased resource
base in smaller animals (Keesing 1998, Okullo et al. 2013), we suspected a similar expansion
might have occurred in the terminal Pleistocene after the extinction of megafauna. Modern
exclusion studies are limited temporal scope extending from years to decades (Owen-Smith
1998, Okullo et al. 2013) and it is not clear how the absence of megafauna influences

vegetation over long time periods.
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Figure 2.1. Conceptual diagram, site attributes and study organism. a) Conceptual diagram of
potential abiotic and biotic interactions affecting Sigmodon hispidus populations at Hall’s
Cave over the past 16,000 years. Both extinct (grey) and extant (black) animals occur within
the community. b) Location of Hall’s Cave on the Edwards Plateau in Texas. ¢) Upper and d)
lower tooth rows of Sigmodon hispidus at 50x magnification. e) Picture of S. hispidus (J.N.
Stuart, https://www.flickr.com/photos/stuartwildlife/5727265600).
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We note that our study is the first to characterize both population body size and
dietary shifts for a single species in a single locality at such fine-grained level for ~16ka.
While studies using Neotoma paleomiddens and sites such as Porcupine Cave or Lamar Cave
have previously yielded insights into body size and biodiversity shifts with climate change at
the species and/or community level (Smith et al. 1995, Smith and Betancourt 1998, 2003,
Hadly 1996, Barnosky 2004), they have not combined these data with isotope-based analysis
of diet shifts over time. The substantial amount of fossil material, and the robust and detailed
age model provide a unique opportunity to reconstruct the ecology (diet and body size) of the
vast majority of a mammalian community in a period marked by intense shifts in both

biodiversity and climate.

Material and Methods
I. Study Site and Data Sources

A. Site, Temporal Record, and Natural History

Our study employs a high temporal resolution fossil record from the southwestern
United States. Hall’s Cave is located on the Edwards Plateau in Kerrville County, Texas
(Figure 2.1b). Today, vegetation in the region consists mostly of savanna, shrub and woodland
characterized by juniper, mesquite and oak, with both tall and short grasses (Toomey 1993,
Joines 2011). Paleontological studies began in the 1960s and have continued to the present,
with most excavations of specimens by Toomey and his colleagues (1993). The collection,
including unprocessed bulk matrix is housed at the Vertebrate Paleontology Lab of the Texas

Memorial Museum (TMM), University of Texas, Austin.
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Hall’s Cave has a uniquely well-resolved stratigraphic sequence dating back about
22,000 cal BP and a particularly abundant small- and medium-sized mammal record. Past
excavations of the site have yielded thousands of mammal and other vertebrate animal
specimens across a range of body sizes and trophic guilds, many of which have already been
identified (Toomey 1993). Previous work from the site include reconstructions of both soil
erosion (Cooke et al. 2003) and climate using faunal remains (Toomey 1993, Toomey et al.
1993, Joines 2011), magnetic susceptibility of the cave sediments (Ellwood and Gose 2006,
Bourne et al. 2016), and the phytolith record of the cave (Joines 2011). Most recently, the
community assemblage and species interactions of the Edwards Plateau were characterized
across the past 22 thousand years (Smith et al. 2016b).

We developed an age model based on 62 radiocarbon dates of bone collagen from
Hall’s Cave (Appendix 2 Figure 1, Table 2). A linear regression of the calibrated radiocarbon
ages (cal BP) and Stratigraphic Depth (cm) yielded a robust predictive equation (Y = -14.57
+0.015 X; df=61, P<0.001, R?=0.934). Because elements were originally collected in 5 to
15cm intervals, the midpoint of the stratigraphic depth was employed in the regression.

Sigmodon hispidus is a medium sized rodent (80-150g) that currently ranges across the
southern United States and Mexico. It is a generalist primary consumer usually found in grass
dominated habitats, where it supplements a primary diet of green grass stems of intermediate
nutritive value with more nutritious dicot leaves and fruit (Martin 1986, Randolph et al. 1991).
Cotton rats in Texas tend to occupy tall grass (i.e., cordgrass, bluestem, beardgrass) or shrub
habitats, used both as protective cover and a food resource (Cameron and Spencer 1981,
Kincaid and Cameron 1985, Schmidly and Bradley 2016). Interspecific interactions of

Sigmodon with other Texas rodents include aggressive displacement of Baiomys taylori

40



(pygmy mouse) and competitive exclusion of Reithrodontomys fulvescens (harvest mouse)
(Raun and Wilks 1964, Cameron 1977).

All Sigmodon have highly diagnostic ‘S’ shaped molars (Figure 2.1¢c & d) readily
allowing discrimination from other rodents in the fossil matrix. Here, we follow Toomey
(1993) and refer all material to Sigmodon hispidus based on geographic and elevational range
attributes (Baker and Shump 1978, Cameron and Spencer 1981, Toomey 1993). In addition to
specimens previously identified by Toomey (1993), we identified and accessioned 1030
additional individuals from either presorted elements or bulk materials from the fossil matrix.
Our final dataset consisted of 1332 individual maxillary or mandibular first molars and jaw
elements spanning the past 16,000 years.

Sigmodon materials are not uniformly present throughout time. Sigmodon were not
present from 22-16ka cal BP and were comparatively rare from 16-12ka cal BP (50 specimens).
S. hispidus became common in the early-Holocene (852 specimens), and decreased during the
mid- (307 specimens) and late-Holocene (123). Thus, to maintain sufficient sample size we
binned data into 14 temporal time intervals over the last 16,000 cal BP (Table 2.1) which were
chosen to incorporate important climatic and faunal events whilst maintaining sufficient
sample size. This allowed us to conduct population level analyses using the paleontological

record.
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Table 2.1: Summary by time level bin divisions. Age Range is the calendar years
before present (1950 AD) comprising each interval. N Mass and N Isotopes show
sample sizes for molar measurements and §**C or §'°N. Only 8N was found to
change significantly over time (ANOVA P<0.01, df=13/306, details in results).
Temperature and precipitation data from the CCSM3 (Lorenz et al. 2016a, 2016b)
are averaged for each time bin. Sorenson to Modern represents similarity in
community composition relative to the 0-1500 (cal BP) age range.
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0-1500 14 | 12 | 100.5+21.4 | 1499 | -158+2.7 | 57+14 | 187+73 | 5454+04 | 34 | 1.00

1500 - 3100 18 | 22 | 109.1+225 | 1445 | -165+18 | 55+08 | 187+74 | 537.2+04 | 36 | 0.89

3100 - 5400 13 | 15 96.1+16 1306 | -15.7+27 | 65+1.1 | 186+7.7 | 554.4+04 | 35 | 0.81

5400 - 6100 13 | 21 | 89.8+11.2 | 1041 | -149+28 | 57+08 | 186+8.0 | 5498+04 | 31 | 0.77

6100 — 6400 13 | 26 | 995+205 | 1463 | -149+24 | 59+0.7 | 187+81 | 5363+04 | 32 | 0.79

6400 — 6700 19 9 959+193 | 1357 | -157+36 | 6+04 18.7+8.2 | 526.8+0.4 | 33 | 0.78

6700 — 7700 16 | 21 | 89.5+16.8 | 1209 | -152+29 | 6.2+09 | 185+85 | 5343+04 | 33 | 0.78

7700 — 8400 25 | 21 | 96.3+£229 | 1574 | -135+25 | 74+14 | 184+88 | 5323+x04 | 36 | 0.71

8400 — 9000 34 | 29 | 90.8+17.6 | 1340 | -147+32 | 70+x13 | 183+89 | 536.1+04 | 35 | 0.70

9000 — 9400 15 | 13 | 96.6+21.1 | 1306 | -150+24 | 6.7+0.8 | 184+9.0 | 5525+0.3 | 35 | 0.70

9400-10000 | 26 | 16 | 89.9+186 | 1518 | -145+3.0 | 6.8+14 | 183+9.0 | 561.6+0.3 | 39 | 0.69

10000 —-11000 | 45 | 23 | 946+16.6 | 1225 | -156+35 | 69+1.1 | 17.7+89 | 5925+03 | 35 | 0.67

11000 -12700 | 7 7 | 1001+273 | 1463 | -141+39 | 7.3+0.8 | 169+93 | 626.6+0.3 | 53 | 0.62

12700-15800 | 12 | 31 | 96.5+129 | 1209 | -145+3.0 | 6.7+1.0 | 155+10.1 | 636.6+0.4 | 74 | 0.52
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B. Community Data

Data on community composition were extracted from a compilation by Smith et al
(2016b) based largely on Toomey (1993) and the Neotoma Paleoecology Database (2015).
Since 2016, updates in the understanding of the evolutionary history of horses in North
America have led to the synonomization of two horse species (Winans 1989, Hay et al. 2010,
Barron-Ortiz and Theodor 2011, Kefena et al. 2012), necessitating changes in our fossil
identifications; ongoing fossil identifications of bulk matrix have also expanded the temporal
duration of several species (e.g. Baiomys taylori and Onychomys leucogaster). Species were
assigned to a trophic guild following Smith et al. (2016b). Using this revised species list, we
re-calculated a-diversity (richness), B-diversity (Sorenson index) and percent of each trophic

guild within the community for each time interval.

C. Climatic Data

We employed the Community Climate System Model (CCSM3) climate data. This unified
dataset of climate simulations for North America extends to 21,000 cal BP in 500-year intervals
(Lorenz et al. 2016a, b). The CCSM3 data have 0.5° spatial resolution such that we extracted
data for the region surrounding Hall’s Cave. Because the CCSM3 combines simulations and
interpolates data for all of North America, it represents larger scale climatic events from the
terminal Pleistocene onwards. Data obtained from the CCSM3 included mean daily maximum
temperature, mean daily minimum temperature, and total monthly precipitation. These
variables were extracted in 500-year intervals and averaged following the 14-age intervals used

for the community data (Table 2.1).
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I. Analyses

A. Body Size

Of the 1332 fossil Sigmodon elements, we obtained body size estimates for 399 using
the length of the first upper or lower molar (UM1, LM1), which is a reliable indicator of mass
(Damuth and MacFadden 1990) (Figure 2.1c & d); the remainder lacked a quantifiable M1.
Measurements were taken using Mitutoyo Digital Calipers Series 500 under a Nikon 10x
dissecting microscope. Each tooth was measured three times (~1200 measurements total);
samples whose means yielded > 5% standard error were discarded. These were generally
cracked or broken teeth and thus difficult to accurately measure.

Fossil elements employed in our work consisted of loose left or right mandibles and
maxillae, generally with only partial toothrows. Because an individual could potentially be
represented 4 times (ULM1, URM1, LLM1 and LRM1), we established a set of criteria to
reduce duplicate individuals and calculated the minimum number of individuals (MNI). First,
we guantified the amount of natural variation between left versus right, and upper versus lower
molars in modern Sigmodon hispidus. Using a reference collection of museum specimens from
the Museum of Southwestern Biology, we measured uppers and lowers and right and left
molars for 20 individuals ranging in mass from 44 to 206g (Appendix 2 Table 3). We found
that across the 20 specimens examined, modern animals were bilaterally symmetrical; there
was less than a 1% difference between left and right molars. However, upper and lower molars
varied; upper molars were on average 10% smaller than lower molars (Linear Model,
P<0.0001, df=19, adjusted r>=0.68, Appendix 2 Figure 2).

Because elements (LLM1s, LRM1s, ULM1s, and URM1s) were not uniformly found

across stratigraphic levels (Appendix 2 Table 1), we employed the LM1 preferably; when
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upper molar measurements were used, we standardized by adding 10% to the length. To
mitigate the likelihood of a single individual being represented twice in a stratigraphic level,
we only used a single element unless the standardized measurements were > 1% different in
size from all other elements in that time bin. Thus, for each unique stratum, we selected the
LLM1s and then all LRM1s whose lengths were at least 1% different from those LLM1s. Next,
we compared the ULM1s to all LM1s, followed by the URM1s to all other molars already
selected for that stratum. A difference > 1% was chosen because the variation between left and
right molars of either upper or lower elements of modern individuals was below 1% (Appendix
2 Table 3).

Because measurements of first molars were taken on fully erupted molars, no
juveniles were included. However, without full toothrows we could not fully assess the
ontogenetical development of some animals. Thus, analyses were conducted both with and
without putative subadults. Subadults were identified as animals whose estimated body size
was lower than 1.5 standard deviations from the mean, as is commonly done in modern
studies (Birney et al. 1975, Swihart and Slade 1984).

Our final data set included 270 animals after the removal of potential duplicates and
subadults. Body size was computed for lower first molar lengths using the allometric equation
(Martin 1990): Log mass (g) = 3.310*(Log M1 length) + 0.611 (r>=0.96, %PE=15.58, df=32).
We conducted a number of sensitivity analyses to examine the influence of our data

manipulations; our analyses were robust regardless of methodology employed (Appendix 2).
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B. Stable Isotope Analysis

We analyzed stable carbon (8'3C) and nitrogen (8*°N) isotopes from 319 Sigmodon
maxillary and mandible bones to investigate potential shifts in diet. Carbon isotope values
provide insight into what vegetation herbivores are consuming within a system (DeNiro and
Epstein 1978). Global average §'3C values for Cs and Ca plants are -26.5%o and -12.5%o
(Bender 1971, Cerling et al. 1997), respectively, and previous studies have shown that these
plant functional groups have similar isotope values in the Great Plains (Derner et al. 2006).
513C and 8'°N values of primary consumers like Sigmodon mirror that of their diet, but are
positively offset due to physiologically mediated processes that discriminate again the light
isotope (*2C or ¥*N) during the nutrient assimilation and tissue synthesis; such offsets are often
referred to as trophic discrimination factors and for consumer bone collagen are ~2-4%o for
both §*3C and §'°N (Koch 2007). Because carbon and nitrogen isotope values vary depending
on relative consumption of C3 and C4 vegetation and trophic level, 8'*C versus §'°N isotopic
niche space can serve as a proxy for dietary niche space (Newsome et al. 2007). Given the
relatively long isotopic incorporation rate for bone collagen (Hobson and Clark 1992, Koch et
al. 2009), the short lifespan of most rodents, which ranges on average around 6 months to 1
year in wild Sigmodon (Rose and Salamone 2017), assures that isotope measurements represent
diet integrated across most of an individual’s lifetime.

We subsampled ~150-250 mg of bone from each fossil mandible/maxillary fragment
using a low speed Dremel tool. Following sampling, we extracted the organic collagen matrix
from the bone by demineralizing with 0.25N HCI at 3-4°C for 24-48 hours depending on initial
sample density. Following demineralization, samples were lipid extracted via soaking in 2:1

chloroform/methanol for 72 hours, changing the solution every 24-hours. Samples were then
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washed 5-7 times with distilled water and lyophilized. Approximately 0.9-1.0mg of each dried
collagen sample was weighed on a microbalance and packaged into 0.35 mm tin capsules and
submitted to the University of New Mexico Center for Stable Isotopes for analysis. 8'3C and
85N values of all samples were analyzed using a Costech elemental analyzer (Valencia, CA)
interfaced with a Thermo Scientific Delta V Plus isotope ratio mass spectrometer (Bremen,
Germany) at the University of New Mexico Center for Stable Isotopes (Albuquerque, NM).
Isotope values are reported as & values, where & = 1000[(Rsample/Rstandard)-1] and Rsamp and
Rstd are the 13C:12C or °N:1*N ratios of the sample and standard, respectively; units are in parts
per thousand, or per mil (%o). The internationally accepted reference standards are Vienna Pee
Dee Belemnite (VPDB) for carbon and atmospheric N2 for nitrogen (Fry 2006, Sharp 2017).
The standard deviation of organic references within a run was <0.2%o for both 5'*C and 5"°N
values. In addition, as a control for the quality of our ancient collagen samples, we measured
[C]:[N] ratios. The theoretical weight percent [C]:[N] ratios of unaltered bone collagen falls
between 2.8-3.5 (Ambrose 1990). Any samples with [C]:[N] ratios >3.5 we considered too
diagenetically altered to provide reliable isotope data and were excluded from all analyses.
After removal of potential duplicates and subadults, our final dataset consisted of 384
animals. Of these 266 had isotopes, 270 had mass measurements and 152 had both (Table 2.1).
These sample sizes allowed us to examine changes over time at the population level, largely

unprecedented for a paleoecological study where sample size is almost always an issue.

C. Statistics
Analyses were conducted at two temporal scales using both parametric and non-

parametric tests. The first set of analyses sorted body size and isotope data into pre- (12700-
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15800 cal BP) versus post- (0-12700 cal BP) extinction bins to investigate the impact of the
megafauna loss on Sigmodon. The second set of analyses were more finely resolved, and
employed 14-time intervals over the last ~16,000 years (Table 2.1).

Sample sizes between the pre- and post-extinction intervals were uneven because S.
hispidus was less abundant in the older strata. We analyzed body size and isotope variation in
the two populations (pre- and post-) using the F-test and Levene’s test for homogeneity of
variances. Differences in the means and distributions were evaluated using a series of
parametric and non-parametric tests to account for non-normal distributions of mass and 5'C
within the post-extinction time bin.

We determined changes in Sigmodon s mass and isotopic niche space using ANOVAs,
Spearman’s rank test, and Bayesian ellipse area models. Inconsistences in normal distributions
across time bins led us to consider median, first quartile and maximum mass changes within
the general population against diet and climate variables using linear models. Here, maximum
mass is the mass of the largest individual within a time bin. Isotopic niche space was
characterized using Bayesian based standard ellipse areas (SEAg) of §'3C and §'°N using the
SIBER based method in the R based SIAR package (Jackson et al. 2011, Parnell and Jackson
2013, R Core Team 2016). SEAg were calculated using the posterior estimates for each group
(here based on 10,000 draws), with ellipses plotted using 50% coverage in JMP Pro 13 (version
13.1) to show shifts in the isotopic niche space of Sigmodon hispidus through time. All
statistical analyses were performed using R software version R.3.3.2 (R Core Team 2016) and
RStudio 1.0.136 (RStudio Team 2016).

A state-space model was run to consider whether shifts in mass or diet seen in

Sigmodon are driven more strongly by each other, by climatic variables (temperature or
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precipitation) or community changes (a-diversity, B-diversity, or changes within the trophic
guilds). A state-space model in its simplest form can be thought of as a linear model where
each data point gets its own slope and dataset at each time bin. Here, each point has a state of
known and unknown components and that state at time t+1 is a function of that point’s state at
time t. As such, points will be more similar the closer they are to each other in time. This allows
for potential changes in the importance of independent variables on the response variable to be
considered at each time bin in order to determine the magnitude of their overall influence.
State-space models are therefore useful for data that have variation in the distribution of
residuals and the potential for the non-independence of variables to change across a time series
(Commandeur and Koopman 2007). State-space models have been employed in ecology to
consider changes in population dynamics and biodiversity in a variety of vertebrates
(Flowerdew et al. 2017, Leung et al. 2017, Rogers et al. 2017), as well as in economics (Harvey
1990, Kim and Nelson 1999, Durbin and Koopman 2001). We used a stochastic local level and
slope model allowing the importance of each explanatory variable to vary at each time point,
to account for the fact that each variable may be having larger or smaller effects on the response
due to the range and grouping of data values within our time bins. For example, whether
climatic variables or community variables are impacting a response in S. hispidus more or less
may vary in response to a period of higher community turn-over (such as the megafauna
extinction event) or greater fluxes in temperature and precipitation (e.g., the Younger-Dryas
event).

We created separate models to analyze our mass and isotopic variables (§3C and §*°N).
Our model consisted of a trend constant (p), and an unknown regression weight (f) for each

explanatory variable. A p>0 indicates a positive correlation to our response and a <0 indicates
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a negative correlation to our response. While B represents the relative strength of each
explanatory variable on the response. If we consider our mass model for example, a p>0
corresponds to increasing body size, with the B of single explanatory variable giving the
relative amount of increase associate with that variable. We ran each model a total of 4000
times, using a Markov Chain Monte Carlo (MCMC) algorithm with 4 chains and 1000
iterations each using the rstan package (Stan Development Team 2018) in the program R.
Modelled values fall within the 50% uncertainty interval of the Bayesian framework, such that
half of the 50% intervals (2000 of the total 4000 iterations) will contain values falling within
the observed values of the data. Our variables and their associated B’s are as follow: body size
(BS, B1), 8'3C (dC, B2), 8'°N (dN, Bs), mean precipitation (mP, Bs), maximum temperature
(mxT, Ps), minimum temperature (mnT, Bs), a-diversity (aDiv, B7), B-diversity (bDiv, Bs), %
browsers (perB, Pg), % carnivores (perC, Bio), % frugivores/granivores (perF, B11), % grazers
(perG, B12), % insectivores (perl, B13), % omnivores (perO, B14). Model structures are given
below with graphs of modelled to raw values for each model available in Appendix 2 (Figure

3, Table 6):

Ymass = pt+ B2(dC) + Ba(dN) + Ba(mP) + Bs(mxT) + Bs(mnT) + Bz(aDiv) + Pg(bDiv) +

Ba(perB) + Bio(perC) + Pra(perF) +Pi2(perG) + Bis(perl) + P1a(perO)

Y carbon = e+ B(BS) + Ba(dN) + Ba(mP) + Ps(mxT) + Be(mnT) + Br(aDiv) + Bs(bDiv) +

Ba(perB) + Pio(perC) + Pra(perF) +Pia(perG) + Bis(perl) + P1a(perO)
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Yhitrogen = pt+ P1(BS) + B2(dC) + Ba(mP) + Bs(mxT) + Bs(mnT) + B7(aDiv) + Bg(bDiv) +

Ba(perB) + Pio(perC) + Pra(perF) +Pia(perG) + Bis(perl) + P1a(perO)

Results

Analyses of body mass for pre- and post-extinction time intervals (Figure 2.2a) showed
no significant change in either variation (F test P>0.1, df=11/257; Levene test P>0.1,
df=1/268) or distribution (Two sample t-test P>0.1, df=268; Wilcoxon rank sum test P>0.1)
of body size. Furthermore, mass did not change significantly between individual time bins
(ANOVA P>0.1 df = 13/368, Kruskal-Wallis rank sum test P>0.1, df=13). Mean mass ranged
from approximately 90-110g. Maximum mass ranged between about 120-160g, with the

largest individuals occurring 7.7-8.4ka (Table 2.1; Figure 2.2f).
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Figure 2.2. Changes in Sigmodon hispidus before and after the megafauna extinction, and in
mass over the past 16ka. Boxplots representing median and interquartile ranges, with means
marked by + for a) Mass, b) §*3C and c) 5'°N distributions of the cotton rat. Pre- and post-
extinction intervals are between 12700-15800 cal BP and 0-12700 cal BP, respectively.
Changes in d) maximum and e) minimum temperature (°C) across the past 23 thousand years
for the Hall’s Cave community. Sigmodon appears in the Hall’s Cave fossil record at ~16ka
(blue) and become abundant in the record at ~12ka (yellow). Temperature data from the
CCSM3 (Lorenz et al. 2016a, 2016b) is downloaded at 500-year intervals. Changes in f)
body size are plotted as medians (connected lines), means (diamonds) and interquartile
ranges.
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No significant differences were found in the variation (F test P>0.1, df=30/234; Levene
test P>0.1, df=1/264) or distribution (Two sample t-test P>0.1, df=264; Wilcoxon rank sum
test P>0.1) of Sigmodon &'3C or §'°N values from before and after the extinction event (Figure
2.2b & c). Mean §*3C and §*°N values and associated standard deviations for each time interval
are reported in Table 2.1 and Figure 2.3. Mean §'3C values did not significantly change across
individual time bins (ANOVA P>0.1, df=13/306, Kruskal-Wallis rank sum test P>0.1, df=13),
but 5!°N values significantly decreased (ANOVA P<0.01, df=13/306, Kruskal-Wallis rank
sum test P<0.01, df=13, Appendix 2 Table 4 for details). 3*3C and §*°N values were positively
and significantly correlated across several time intervals (Figure 2.3, Appendix 2 Table 5).
Bayesian standard ellipse areas showed a trend for a slightly expanded isotopic niche space
from about 7700 to 15800 cal BP, with the exception of the most modern time interval (~0-
1500 cal BP), and ranged from about 4.7 to 11.1%o? (Figure 2.3).

Results from our state-space model (Table 2.2) reflect the slight increase in mass from
the oldest (12700-15800 cal BP) to the most recent (0-1500 cal BP) time interval (Table 2.1,
Figure 2.2f). Higher 8*3C , 5!°N values and maximum temperature corresponded to larger body
size (2= 1.7, B3 = 1.0, Bs = 0.9; ~30%, ~17% and 16%, respectively, of positive p values for
mass, Table 2.2). Minimum temperature and the proportion of omnivores in the community
also were also associated with increasing body size, but to a smaller degree (s = 0.6, B14 = 0.7,
about 11% and 12%, respectively). Overall, community variables were associated with
decreased body mass, with the percent of grazers having the largest impact (f12 = -0.9, ~41%

of total negative B values for mass), followed by the percent of insectivores (B13 = -0.6, ~25%),

percent browsers (P12 = -0.4, ~19%), and a-diversity (P12 = -0.3, ~14%).
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Figure 2.3. Isotopic niche space of Sigmodon hispidus over time. Standard ellipse areas
(SEAs) representing where Sigmodon populations lie in §*3C and 5'°N space with 50%
coverage of data. Cross (+) within each panel divides isotopic space into 4 quadrants (I-1V)
to help illustrate movement in SEAs over time, with the lines intersecting at 83C = -16%o
and 8'°N = 6.5%o. Red lines indicate a significant relation between §*3C and 8*°N (Linear Fit
P<0.05, see Appendix 2 Table 5 for details).

Sigmodon hispidus bone collagen §'3C values were most positively associated with
SN (Bs = 1.2 of total 2.9 positive influence on §*3C, or about 40%), in agreement with the
correlation of higher 5'°C values with higher §*°N reported above. 5*C become more negative
(shift towards C3vegetation), occupying less area in quadrants I and 1V (Figure 2.3) from 6700-

7700 cal BP onwards. This overlaps with the decrease in 5!°N, as seen by a shift in the standard
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ellipse areas into quadrant 11l and IV (Figure 2.3). Higher 8*3C in Sigmodon were also
associated with increases in both the proportion of granivores and grazers in the community

(B11 = 0.5 and B12 = 0.5, ~17% each), followed by B-diversity

Table 2.2: Regression weight (B) values as given for each
explanatory variable by the 3 state-space model outputs for mass
(Ymass), 813C (Ycarbon) and 815N (Ynitrogen). ValueS in bOId have 15%
or more of relative positive or negative influence on explanatory

variable.
Y mass Y carbon Y nitrogen

Main Variables
body size B1 ~ 0.0 0.0
§1°C B2 17 - 0.2
3*N Bs 1.0 1.2 -
Climate Variables
mean precipitation Ba 0.0 0.0 0.0
maximum temperature Bs 0.9 0.1 -0.8
minimum temperature Be 0.6 0.2 0.6
Community Variables
a-diversity B7 -0.3 -0.3 0.0
p-diversity Pe 0.1 0.4 -0.6
% browsers Bo 0.4 0.2 0.0
% carnivores B1o 0.3 -0.2 0.0
% frugivores/granivores P11 0.4 05 0.4
% grazers P12 -0.9 0.5 -0.1
% insectivores P13 -0.6 -0.8 0.3
% omnivores Pia 0.7 -0.3 0.2

(B1z = 0.4, ~12%, Table 2.2). Lower 33C values were associated to a greater proportion of
insectivores in the community (P13 = -0.8 of total 1.8 negative p values for §*3C, or about 46%),
suggesting lower 83C values indicative of greater use of Cs resources when more mammalian

insectivores are on the landscape (Table 2.2). Lower &C values in Sigmodon were also
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associated with a-diversity (B12 = -0.3, ~18%) and the percent of omnivores in the mammalian
community (B14 = -0.3, ~18%).

Sigmodon hispidus bone collagen §'°N values were negatively correlated with
maximum temperature (Bs = -0.8 of total 1.9 negative p values for §*°N, or ~41%), B-diversity
(B3 = -0.6, ~34%) and the proportion of granivores present in the mammalian community (P11
= -0.4, ~19%, Table 2.2). Higher &'°N values in Sigmodon were associated with minimum
temperature (Bs = 0.6 of overall 1.4 positive p values for 5°N, or about 47%), and the
proportion of insectivores and omnivores in the community (f13 = 0.3 and B13 = 0.2, about 21%
and 18%, respectively). Overall, our results suggest that S. hispidus is being influenced by both
climatic and community variables over time, likely through a combination of direct and
indirect effects, but that the combination of these effects is not driving a strong shift in body

size and/or diet.

Discussion

The combination of climate change and biodiversity loss at the terminal Pleistocene
did influence the ecology of Sigmodon hispidus in the Edwards Plateau ecosystem. Sigmodon
were not present in the Hall’s Cave record from ~22-16 Kka, likely because temperatures in the
region were too low. Sigmodon remained relatively rare until ~12 ka when rising temperatures
at the end of the Pleistocene (Figure 2.2d & e) allowed the species to expand its range
northward (Dunaway and Kaye 1961, Fleharty et al. 1972, Cameron and Spencer 1981, Slade
et al. 1984, Sauer 1985, Graham et al. 1996, Eifler and Slade 1998). While the late Pleistocene

megafaunal extinction did not mark a simple binary shift in Sigmodon body size and diet,
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changes due to the community restructuring that occurred throughout the Holocene as a
consequence of the extinction (Smith et al. 2016b) had varying effects on Sigmodon s ecology.

We find substantial variation in both body mass and the isotopic niche space of
Sigmodon at Hall’s Cave over time. Overall, body mass fluctuated by more than 20% over the
past 16ka, with substantial variation over time (SD: 11.2-27.3 g, Table 1.1, Figure 2.2f). By
far the most important factor influencing body mass was diet. Relative consumption of more
Ca resources led to larger body mass (Table 2.2, Figure 2.4a, path I); 8*3C values were two
times more important than any other climatic or community variable in our state space model
(Table 2.2, Figure 2.4a). Interestingly, warmer temperatures had a positive influence on mass
(Table 2.2, Figure 2.4a, path C) contrary to our expectation based on Bergmann’s rule. This
suggests that body size changes are more strongly influenced by shifts in available resources
than by temperature directly.

Larger body size in Sigmodon may have provided access to different resources due to
varying metabolic rate or digestive abilities (McNab 1980, Hammond and Wunder 1991, Nagy
2005). Greater consumption of lower quality resources, such as grasses, require larger and/or
more complex digestive systems (i.e. greater gut capacity) to account for the faster food
passage rates of rodents (Batzli and Cole 1979, Gross et al. 1985, Justice and Smith 1992,
Veloso and Bozinovic 1993, Smith 1995b). Thus, larger body size in Sigmodon may be
associated with a higher consumption of C4 grass on the Edwards Plateau. Moreover, larger
body size may provide Sigmodon with a compeitive advantage within the community (Martin
1986, Glass and Slade 1980, Kincaid and Cameron 1982), while alternatively smaller body

size and increased numbers of
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Figure 2.4. Associations of explanatory variables on
body size and diet. General representation of
explanatory variables on a) body size, b) 8!3C, and c)
S°N. Arrows represent positive (black) or negative
(red) influences, with line thickness representing the
relative strength.
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grazer, insectivore, and browser species (Table 2.2) may then have led to changes in the
resources available to S. hispidus due to competition.

The influence of diet on changes in body size may have been associated with changes
in resource availablility. Sigmodon showed variation in both 8!3C (SD: 1.8-3.9%o) and to a
lesser extent $°N (SD: 0.4 to 1.4%o) values (Table 1.1, Figure 2.3) across time. Modern
Sigmodon are highly selective of grass habitats, and grasses can account for ~80% of their
diet, but this species consumes higher quality dicots when they are abundant (Petersen 1973,
Kincaid & Cameron 1982, Kincaid et al. 1983, Randolph et al. 1991, Cameron and Eshelman
1996). The observed variation in §**C values suggest that Sigmodon is a generalist (Figure
2.3), with shifts potentially reflecting changes in the abundance of Cz versus Cs resources
(Figure 2.4a, path GI) and expansion and/or contraction of its preferred grassland habitat
over time (Figure 2.4a, path E). For example, the majority of individuals at 7700-8400 cal BP
were within quadrants Il and 1V (Figure 2.3), and had 5'3C values higher than -13%o
suggesting that C4 resources dominated their diet. In contrast, the diet of most individuals at
1500-3100 cal BP had 5'3C values lower than -16%., corresponding to a diet dominated by
Cas resources after accounting for trophic discrimination. Pollen records from the region show
a shift in the vegetation of the Edwards Plateau from a more mesic deciduous/coniferous
forest during the Post Glacial period to a grassland and oak savanna landscape in
the Holocene (Bryant and Holloway 1985, Toomey et al. 1993). Prior to ~12,000 cal BP,
most grasses were Cs, but beginning ~11,000 cal BP C4 grasses become dominant and have
remained so (Cordova and Johnson 2019). Interestingly, we do not see greater use of
Cz by Sigmodon prior to 11,000 cal BP, suggesting that cotton rats were already foraging on

C4 grasses despite their relative scarceness on the landscape (Figure 2.3). The period from
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2,500-5,700 cal BP is marked by fluctuations in the mesic and xeric vegetation on the
Edwards Plateau, and higher levels of C3 grasses around Hall’s Cave (Bryant and Holloway
1985, Toomey et al. 1993, Cordova and Johnson 2019). Here, we do observe a decrease in
the use of C4 resources by Sigmodon, which may suggest that they are making use of the
higher amount of Cz grasses available (Appendix 2 Figure 4).These observed shifts in
Sigmodon diet were likely the result of vegetation change across the Holocene due to shifting
climate (Nordt et al. 1994, Fox and Koch 2003, Cotton et al. 2016).

As habitat and resources changed over 16ka, competitive interactions with other
mammals may have caused Sigmodon to adapt to new life history strategies. Changes in
vegetation composition and resource availability resulting from the removal of large-bodied
herbivores can lead to shifts in the abundance of small mammals, which in turn may affect
predator presence, small mammal biodiversity, and associated intraguild competition (Owen-
Smith 1988, Keesing 1998, McCauley et al. 2006, Okullo et al. 2013). The influence of
community changes on both the body size (Figure 2.4a, path F) and diet of Sigmodon (Table
2.2, Figure 2.4b & c, path H) suggests that post-extinction shifts in both resource availability
and biotic interactions influenced Sigmodon’s ecology. Specifically, a higher percentage of
grazers and granivores in the herbivore community after the extinction, which are expected to
have fallen within quadrants IV and Il in isotopic space respectively (Figure 2.3), were
associated with higher consumption of C4 grasses by Sigmodon. While a greater proportion of
grazers may have resulted in increased competition within quadrant 1V, these results likely
reflect the importance megaherbivores, 67% of which were grazers (Smith et al. 2016b), played
in the ecosystem before the extinction. The presence of large-bodied herbivores can help

maintain grassland ecosystems, reduce woody encroachment and maintain grass species
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diversity (Laws et al. 1975, Owen-Smith 1988, Bakker et al. 2006, Asner et al. 2009, Smith et
al. 2016a). As such, the increased proportion of C4 grasses in Sigmodon’s diet when existing
in a community with more grazers could have been due to an increased production or diversity
of grasses in the region (Figure 2.4a, path DE). In contrast, granivores forage primarily on Cs
resources (Dammhahn et al. 2013, Galetti et al. 2016), and thus a higher proportion of
granivores in the system likely increased competition for resources in quadrant Il and may
have pushed Sigmodon into quadrant IV where it utilizes a higher amount of C4 vegetation
(Figure 2.3).

Dietary shifts may have corresponded not only to vegetation changes, but could have
been related to increased omnivory as modern Sigmodon populations are known to
opportunistically consume insects, though consumption of this resource is generally limited
to <5% of diet composition (Kincaid and Cameron 1982, Schetter et al. 1998). The
significant decrease in 8*°N values over time could be due to either a decrease in trophic
level or a baseline shift in plant nitrogen isotope values in response to changing
environmental conditions (DeNiro and Epstein 1981, Amundson et al. 2003). Plant §*°N
varies in relation to the source(s) of inorganic nitrogen, the physiological mechanism used to
uptake nitrogen, and environmental conditions (precipitation and temperature) that influence
soil 8*°N values via a variety of microbially mediated processes like (de)nitrification and
nitrogen fixation (Peterson and Fry 1987, Dawson et al. 2002, Amundson et al. 2003,
Murphy and Bowman 2006). In general, plants in environments with lower precipitation and
higher temperatures tend to have higher '°N values relative to more mesic environments
(Ambrose 1991, Austin and Vitousek 1998, Amundson et al. 2003). Our state space model,

however, does not find evidence for a correlation between Sigmodon §*°N and precipitation,
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and 8*°N values actually show a negative relation with increasing maximum temperature in
the region (Table 2.2). Thus, further investigation is required to determine whether the
observed shifts in 3*°N of Sigmodon are driven by shifts in trophic level versus baseline
nitrogen isotope composition of plants, such as a comparison of bone collagen 3*°N values
among taxa that have similar functional roles (e.g., herbivores) from the Hall’s Cave site, or
the analysis of 3*°N values in individual amino acids (Schwartz-Narbonne et al. 2015).

A shift in trophic level would suggest that Sigmodon competed with different species
for resources over time. A higher proportion of insectivores in the mammalian community is
associated with lower §*3C values in Sigmodon (Table 2.2), or a decreasing proportion of C4in
Sigmodon’s diet. Insectivores in the southern Plains are expected to occupy quadrant Il (Fig
3), with higher 8'°N values reflecting higher trophic level, and relatively high §*C values
corresponding to Cy-based insect herbivores, e.g., grasshoppers, which are one of the most
abundant insects in grassland and savannah environments on the Edwards Plateau (DeVisser
et al. 2008, Bergstrom 2013). Thus, the negative relationship between Sigmodon §*3C values
and the proportion of insectivores in the community may represent competitive exclusion from
quadrant Il into quadrant 111 (towards Cs resources) or quadrant IV (towards a lower trophic
level) (Figure 2.3). The significant positive correlations between §C and &N values
observed in some time intervals (Figure 2.3, Appendix 2 Table 4) could have resulted from
Sigmodon consuming more insects, essentially filling the niche of an omnivore or insectivore
in quadrant Il when fewer insectivorous mammals are present in the community. While the
relatively low variation in §°N (Table 2.2) suggests Sigmodon was primarily herbivorous, its
presence in both quadrants Il and IV in some time intervals may be the result of shifts in trophic

level. Furthermore, the combined interactions of body mass and diet with shifting climate and

62



community structure suggest tradeoffs in Sigmodon to cope with environmental and ecological
changes across this time span.

Overall, Sigmodon responded to a combination of direct and indirect effects of both
climate and mammalian community changes through the Holocene, with no single variable
driving a dramatic change in cotton rat morphology or ecology. The influence of mammalian
community composition on both mass and diet may suggest a strong effect of the megafauna
extinction as which led to a large-scale restructuring of the mammalian community in this
region (Smith et al. 2016b). Variation in 83C and §'°N values associated with shifts in Cs
versus C4 resource use and trophic level, were likely shaped by intraguild competition and
changes in vegetation composition that occurred with changing climate conditions and/or the
loss of the large herbivores during the extinction (Owen-Smith 1988, Keesing 1998, Okullo et
al. 2013). Because climate and community composition were changing together during this
period, there may have been tension between potential drivers that result in contrasting effects
on Sigmodon populations (Blois et al. 2013). The overall stability we see in the body size and
diet of Sigmodon suggests a high level of adaptability to community and ecosystem
restructuring.

Understanding the response of Sigmodon to the late Pleistocene megafauna extinction
in North America provides useful insights into the potential responses of small mammals to
changes in community structure and ongoing environmental perturbations. The current rate of
climate change has led to rapidly rising temperatures over the past 100 years (IPCC 2014) with
continued warming and anthropogenic pressures predicted to have increasing effects on fauna
globally (Barnosky et al. 2003). Studies have already shown distribution shifts (Parmesan and

Yohe 2003, Moritz et al. 2008) and local extirpations (Munday 2004) across many plant and

63



animal taxa. Work towards conserving biodiversity across the world highlights the importance
of the conservation not of a single species but of entire assemblages (Grayson 2007). In the
wake of the modern loss in biodiversity, specifically large-bodied species, a combination of
ancient and modern studies of generalist species such as Sigmodon hispidus may provide a
better understanding of the consequences of species removals and provide some insights into

how future communities may respond to a combination of abiotic and biotic factors.
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Abstract

The late Quaternary was at time of considerable environmental change in North
America. Not only was climate highly variable, but the megafaunal extinction at the terminal
Pleistocene led to considerable loss of biodiversity. These combined perturbations likely had
cascading effects across communities and ecosystems in North America. Here, we focus on a
highly-detailed fossil record of the Edwards Plateau in central Texas and consider the response
of Neotoma, a genus of herbivorous rodents, to biodiversity loss and climate change over the
late Quaternary. Specifically, we characterize changes in Neotoma body mass and diet using
digital measurements of fossil teeth and stable isotope analyses of carbon and nitrogen
extracted from bone collagen over 15-time intervals spanning the past 20,000 years. The large
number of fossils available for each temporal bin allow us to conduct paleoecological analyses
at the population level, which is unique for the fossil record. Overall, we find body mass in
Neotoma to be significantly correlated to both temperature and biodiversity loss: not only did
rising temperature select for lower average population body mass, but mass was significantly
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and negatively correlated to turnover independently from the effect of temperature. Moreover,
while Neotoma diet in the Pleistocene was primarily sourced from Cs resources, it became
progressively more Cs-C4/CAM through the Holocene. The combination of decreasing
population body size and higher C4/CAM consumption was associated with the regional
transition from a mesic forest to a xeric savanna grassland, likely driven by both climate change
and the lack of large-bodied mammals in the landscape. Our results may also demonstrate
changes in the relative abundance of different woodrat species with different climatic and

dietary preferences.

Introduction

The terminal Pleistocene (20-11.7 ka cal BP) encompassed a period of substantial
restructuring of North American terrestrial ecosystems, linked to the combined effects of
changing climate and substantial biodiversity loss. As glaciers retreated to the north after the
last glacial maximum at 21 ka cal BP, climate warmed by ~8°C overall, although this
warming was interrupted by numerous temperature reversals (Cole and Arundel 2005, IPCC
2014). The most notable of these was the Younger Dryas (12.8-11.5 ka cal BP), a long period
of cooling to near glacial conditions, which ended in a particularly abrupt and rapid 5-7°C
increase in temperature that occurred within decades (Dansgaard 1989, Alley 2000). These
environmental fluctuations influenced the composition and distribution of flora and fauna
across North America (Prentice et al. 1991, Graham et al. 1996, Grayson 2000, Lyons 2003,
2005, Blois et al. 2010, Cotton et al. 2016).

The terminal Pleistocene was further punctuated by the loss of virtually all large-

bodied mammals from the continent and led to the loss of >150 large-bodied mammals in the
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Americas (Martin 1967, Martin and Klein 1989, Martin and Steadman 1999, Lyons et al.
2004). Highly size-selective, this event saw the loss of all mammals weighing >600 kg,
including a diverse group of megafauna such as mammoths, mastodons, horses, lions, camels
and giant ground sloths (Lyons et al. 2004, Smith et al. 2018). Large-bodied mammals have
substantial impacts within modern communities and ecosystems, both through environmental
engineering and species interactions (Owen-Smith 1992, Ripple et al. 2015, Mahli et al.
2016, Smith et al. 2016a). For example, extant megaherbivores in Africa help maintain
savanna and grassland habitats by suppressing woody growth, modifying fire regimes, and
acting as seed dispersers for plants (Owen-Smith 1992, Dublin et al. 1990, Goheen et al.
2010, 2018). Exclusion of these large-bodied mammals can result in shifts in vegetation
composition and abundance and alter distribution, abundance, and competition of other
mammals such as rodents (Keesing 1998, Goheen et al. 2004, 2018, Parsons et al. 2013,
Keesing and Young 2014, Koerner et al. 2014, Galetti et al. 2015). In the Pleistocene, the
megafauna are thought to have played a key role in maintaining open habitats and higher
species diversity, repressing fire regimes and increasing nutrient availability across
ecosystems (Johnson 2009, Rule et al. 2012, Doughty et al. 2013, Ripple et al. 2015, Bakker
et al. 2016). In addition to structural changes in vegetation, the extinction likely had
cascading effects on community structure and interactions of the surviving mammals (Smith
et al. 2016b).

How these wholesale changes in community dynamics and climate influenced
surviving species likely depended on whether species were more sensitive to abiotic or biotic
interactions. Changes in environmental temperature often lead to shifts in body size and/or

diet, either as a direct consequence of thermal physiology or due to shifting vegetation
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(Bergmann 1847, Brown, 1968, Andrewartha and Birch 1984, Brown and Heske 1990, Smith
et al. 1995, Ashton et al. 2000, Stenseth et al. 2002, Walsh et al. 2016, Millien et al. 2006).
Because body size scales with most life history traits and physiological processes including
metabolism, ingestion, and thermal regulation (McNab 1980, Peters 1983, Justice and Smith
1992, Smith 1995), size can influence the types and amounts of resources available to
consumers, as well inter- and intraspecies interactions among consumers (Damuth 1981,
Peters 1983). At a local scale, enhanced competition for habitat and resources will decrease
the abundance of species that share similar size and dietary preferences (Brown 1973,
M’Closkey 1976, Bowers and Brown 1982, Brown and Nicoletto 1991, Auffray et al. 2009).
The relationship between body size and other ecological factors (such as home range or
competition), particularly when combined with dietary and environmental information, can
then help inform complex ecosystem and community changes recorded in the paleontological
record (Damuth 1981).

Here we characterize the response of Neotoma (woodrat) to the environmental and
community perturbations within the Edwards Plateau (Texas) (Figure 3.1A-B) over the past
~22,000 years. We quantify shifts in body size and diet using digital imaging of fossil molars
and stable isotope analysis of associated bone collagen. We focus on a complex of three
potential Neotoma species: N. albigula (white-throated woodrat), N. floridana (Eastern
woodrat) and N. micropus (Southern Plains woodrat), which differ in body size and dietary
preferences. All species of Neotoma are folivorous and construct large, obvious houses or
dens. Dens are typically built within rock crevices and provide woodrats with protection from
both predators and extreme temperatures (Finley 1958, Brown 1968, Brown et al. 1972,

Smith 1995, Murray and Smith 2012). Past studies of Neotoma suggest all species within the
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Figure 3.1. Distributions of Neotoma species found in Hall’s Cave. A) Map of North
America with modern distributions of Neotoma albigula (green), N. floridana
(purple), and N. micropus (red). Location of the Edwards Plateau in Texas is
represented by black, cross hatched area. B) Map of Texas with Edwards Plateau
highlighted and location of Hall’s Cave marked by the star. C) Age model of Hall’s
Cave stratigraphy (Tomé et al., in review).

genus are highly sensitive to environmental temperature; morphological changes in size are a
common response to temperature fluctuations across both space and time (Brown and Lee

1969, Smith et al. 1995, 1998, Smith and Betancourt 1998, 2003). These changes in size are
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in accordance with the ecological principle known as Bergmann’s Rule; the idea that within a
genus, those species inhabiting colder environments will be larger than those in warmer ones
(Bergmann 1847, Mayr 1956, Brown and Lee 1969, Ashton et al. 2000, Freckleton et al.
2003, Smith 2008).Thus, we hypothesize that Neotoma were strongly influenced by
temperature fluctuations in the Edwards Plateau.

Changes in vegetation associated with climate and the terminal Pleistocene
megafaunal extinction may have led to shifts in resource availability and competition among
consumers, reflected in the response of diet and/or body size in Neotoma. Body size is an
important component of interspecific interactions for Neotoma. When different species of
Neotoma occur in sympatry, the smaller species may shift their microhabitats or diet (Finley
1958, Cameron 1971, Dial 1988). For example, where they co-occur with larger N. fuscipes
(~230-300g), N. lepida (~120-240g) switch from feeding on oaks (Quercus turbinella) to
feeding on juniper (Juniperus californica); juniper, being higher in toxic compounds, has a
higher cost in metabolism and thermoregulation in woodrats (Cameron 1971, Carraway and
Verts 1991, Verts and Carraway 2002, McLister et al. 2004, Dearing 2005). Community
reorganization following the extinction thus may have influenced dietary responses in
Neotoma though changes in competition for available resources, or through shifts in the
relative abundance of vegetation driven by the absence of megaherbivores.

We assessed dietary changes over time with carbon (5'C) and nitrogen (8*°N)
isotope analysis of bone collagen, which has been used as a proxy for diet composition,
trophic level, and niche partitioning across space and time (West. et al. 2006, Koch 2007,
Koch et al. 2009). Previous studies have used isotope analysis to quantify the diets of both

historical and extinct taxa (Chamberlain et al. 2005, Leonard et al. 2007, Smiley et al. 2016,
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Walsh et al. 2016, Ramirez-Pedraza et al. 2019). Changes in diet and body size may also
reflect species preferences in terms of environmental conditions and resource availability.
The three species of Neotoma potentially present vary in size and habitat affinity. Neotoma
albigula (~155-250g) and N. micropus (~180-320g) both inhabit desert and semi-arid
environments and are reliant on cacti, not only for den construction but as a source of food
and water (Vorhies and Taylor 1940, Finley 1958, Raun 1966, Olsen 1976, Braun and Mares
1989, Macédo and Mares 1989, Orr et al. 2015). In contrast, N. floridana (~200-3809)
typically inhabit more mesic, forested environments and do not have as strong a preference
for cacti, typically eating higher proportions of leaves and fruit from available trees and
shrubs (Rainey 1956, Finley 1958, Wiley 1980). Regional vegetation changes on the

Edwards Plateau may have led to changes in the relative abundance of these 3 species.

Materials and Methods

Study Site

We employ a fossil record from Hall’s Cave, which is located in the Edwards Plateau,
Texas (Figure 3.1B). During the Full-Glacial (~21 cal BP), the Edwards Plateau was a mix of
deciduous forest and conifers, before warming and drying conditions during the Late Glacial
period (17-11.6 ka cal BP) led to the transition to a grassland and oak savanna landscape
(Bryant and Holloway 1985, Cordova and Johnson 2019). This vegetation remained
relatively stable throughout the Post-Glacial period (11.6-0 ka cal BP) and today the region is
predominantly a savanna, shrub woodland populated by oak, mesquite and juniper (Bryant
and Holloway 1985, Toomey et al. 1993, Joines 2011). Hall’s Cave is a fluvial deposit with

episodic deposition of sediments and biological materials following heightened periods of
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precipitation (Toomey 1993), and is located on a private ranch; the owners have graciously
allowed generations of paleontologists to work at the site. The Hall’s Cave record extends
back to about 20,000 cal BP, with an exceptionally well-dated stratigraphic sequence (Tomé
et al., in review) (Figure 3.1C). Excavations from Hall’s Cave began in the 1960s, and were
accelerated in the late 1980s/90s by R. Toomey (1993). To date, the site has yielded
thousands of vertebrate specimens, particularly of small and medium body sizes across
various trophic guilds (Toomey 1993); our ongoing sorting and identifying of previously
collected bulk material is adding to the collection. The vertebrate fossils are housed at the
Vertebrate Paleontology Lab of the Texas Memorial Museum (TMM) at the University of

Texas, Austin.

Study Organisms

Three Neotoma species were hypothesized to be present at Hall’s Cave: N. albigula,
N. floridana and N. micropus (Toomey 1993); with the latter two extant on the Edward’s
Plateau today (Figure 3.1A). Unfortunately, the three species cannot be distinguished from
one another based solely on molar or lower jaw characteristics (Sagebiel 2010, Tomé et al.,
in prep), which represent the vast majority of our fossil elements. Moreover, the substantial
body size overlap precluded using size as an identifier. Thus, we aggregated samples and
asked our questions at the level of the genus, which we note is the norm for paleoecological
studies. Nonetheless, preliminary ancient DNA work conducted on a sediment column taken
from on Hall’s Cave suggested a high probability of Neotoma floridana being the only

woodrat present in the oldest stratigraphic levels (Stafford, pers. comm.). In the future, aDNA
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of bulk sediments may prove to be a valuable way for differentiating morphologically
indistinguishable species.

Neotoma are present in all strata at Hall’s Cave, from ~22,000 cal BP to modern
(Toomey 1993), but specimen abundance is not uniformly distributed across the time span.
To facilitate our analyses of body size and diet of Neotoma over time, we aggregated data
into 15-time intervals of approximately equal length chosen to include important
environmental transitions (Table 3.1). Note however, that the oldest time interval is longer,
spanning 16,000-22,000 cal BP; this was because Neotoma were relatively rare, with 31
unique elements recovered. Thus, for this time bin, we also included a sample of 14
additional Neotoma specimens from a nearby fossil site. Zesch Cave, which is ~75 km away
on the Edwards Plateau, and dates from between 16,000-18,000 cal BP (Lundelius Jr 1967,
Graham et al. 1987, Sagebiel 2010). The Zesch Cave record shares a similar local taxon to
that of Hall’s Cave, including the same 3 potential Neotoma species. We infer, therefore, it
likely had a similar paleoenvironment during the terminal Pleistocene (Sagebiel 2010). All
other time bins include only specimens from Hall’s Cave and were aggregated across

important climatic and faunal events.

73



Table 3.1. Summary of data for Neotoma by time interval. Precipitation, maximum and
minimum temperature were extracted from the CCM3 (Lorenz et al. 2016a, b) in 500-year
intervals and average each time interval given below.
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0 - 1500 10 9 170.4 +32 -178+3.1 | 59+£13 | 255%7.1 121+74 | 5546+04 | 34 1

1500 - 3100 33 12 | 181.9+28.1 | -192+19 | 55+13 255+72 11.8+7.6 534.7+04 | 36 | 0.89

3100 - 5400 63 | 47 | 2042+46.4 | -179+24 | 57+11 | 254+78 118+76 | 558.4+04 | 35 | 0.81

5400 - 6100 23 19 | 2006+415 | -17.7+24 | 55+13 253+8.0 11.9+£7.9 553.1+04 | 31 | 0.77

6100 - 6400 15 8 200 +46.2 -175+21 | 59+11 255+8.1 11.8+8.1 536.3+04 | 32 | 0.79

6400 - 6700 9 10 190 £ 50.7 -185+21 | 52+17 | 255+%82 119+8.2 526.8+0.4 | 33 | 0.78

6700 - 7700 35 34 | 187.9+346 | -17.1+27 6+1.1 25.1+87 11.9+83 536.7+04 | 33 | 0.78

7700 - 8400 15 19 203 +32.7 -175+2 6.4+1.0 25+9.0 11.9+84 532+04 36 | 0.71

8400 - 9000 20 | 18 207 +£36.1 -178+21 | 6113 | 248+9.2 11.9+8.6 539.1+03 | 35 | 0.7

9000 - 9400 11 8 229.3+435 | -183+22 | 65+15 249+9.2 11.9+8.7 5525+03 | 35 0.7

9400 - 10000 19 19 | 2229+456 | -178+29 | 6.1+12 248+93 11.8+8.6 561.5+03 | 39 | 0.69

10000 - 11000 | 28 | 30 | 203.6+414 | -193+12 | 59+1.0 | 24392 11.5+8.7 5824+03 | 35 | 0.67

11000 - 12700 | 45 18 211+443 -19.1+10 | 6.1+16 229+97 10.7+£9.0 628.1+03 | 53 | 0.62

12700 - 15800 | 48 29 | 2126+50.2 | -18.8+1.6 5+15 22.1+10.1 10+95 631+0.3 74 | 0.52

15800 - 22400 | 22 5 230.1£56.3 | -195+x03 | 42+11 | 187+104 7.1+10.2 6859+04 | 68 | 0.45

Morphology

We characterized body size in Neotoma using linear measurements of the first upper
and lower molars (UM1 and LM1, respectively). These molars were either loose or found in
mandibular or maxillary elements, generally with incomplete toothrows. The UM1 and/or
LM1 of 671 Neotoma were photographed using a calibrated AM4515ZT Dino-Lite Edge
digital microscope. The length of each molar was measured twice (~1342 measurements)
using the line tool in DinoCapture 2.0. Samples that could not be well-characterized (e.g.,
whose measurements resulted in a > 5% standard error) were discarded; this led to the loss of

23 specimens. We calculated the minimum number of individuals (MNI) to exclude
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potentially replicated individuals (e.g., a single individual could potentially contribute a
URM1, ULM1, LRM1, and LLM1).

To help in the estimation of MNI, we determined the ‘normal’ asymmetry of teeth
found among modern woodrats. Measuring the first molars for 20 museum specimens from
the Museum of Southwestern Biology (MSB) at the University of New Mexico
(Albuquerque, NM) and the James F. Bell Museum of Natural History (MMNH) at the
University of Minnesota (St. Paul, MN) (Appendix 3 Table 1) we characterized the upper
versus lower, and bilateral symmetry of animals. We found that on average, the difference
between the same upper and lower elements (e.g., UM1 and LM1) was less than 5%.
Moreover, the bilateral symmetry was very low, with only an average ~0.5% between left
and right measurements. These results informed our analysis. First, for each stratigraphic
level, we preferentially selected only LLM1s. Second, if our targeted sample size of 20 was
not achieved, we then included all LRM1s from that level that were 0.5% greater in size than
any measured LLM1s. Third, we included ULM1s from that level that were 0.5% greater in
size than any lower molars selected in steps 1 and 2. Lastly, we included URMZ1s from the
same level that were 0.5% greater in size than any previously selected LLm1s, LRM1s and
ULM1s.

Tooth measurements were translated into estimates of body mass using an allometric
equation for cricetine rodents for the first lower molar length (Martin 1990): Log mass (g) =
3.310*(Log LM1 length) + 0.611 (r>=0.96, %PE=15.58, df=32). To account for differences
between lower and upper molar length in Neotoma, upper molar length was standardized by a

5% decrease to measurements prior to calculating body size. After the removal of potential
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duplicates, our final dataset included 396 body mass estimates for Neotoma across the 15

levels, with between 9-63 mass estimates per time bin (Table 3.1).

Isotope-Based Estimates of Diet Composition and Variation

We employed stable isotope analysis to characterize shifts in diet for Neotoma and
Sigmodon across time. We analyzed stable carbon (83C) and nitrogen (5'°N) isotopes from
bone collagen extracted from maxillary and mandible bones for 365 Neotoma. We attempted
to acquire 10 or more samples per time interval to reduce low sample sensitivity in analyses
(Jackson et al. 2011). However, sparsity of material led to some intervals containing less than
10 individuals; we excluded a single interval with only 5 individuals (15800-22400 cal BP).
Differences in how the photosynthetic pathways of Cz and C4 plants fractionate carbon leads
to natural variation in 8*3C values across ecosystems that are incorporated into the tissues of
consumers (DeNiro and Epstein 1978, Farquhar et al 1989, Cerling et al. 1997). Regional
studies within the Great Plains, southern and central Texas have found plant functional
groups for Czand Cq plants to have average 5**C values of about -27%o and -13%o,
respectively (Boutton et al. 1993, 1998; Derner et al. 2006). The nitrogen isotopic
composition may reflect trophic position, with increased 6*°N values signifying higher
trophic position, or regional variation in §*°N of the vegetation due to environmental
conditions (DeNiro and Epstein 1981, Ambrose 1991, Amundson et al. 2003). The §'3C and
51N values the consumer tissues will differ from that of its diet due to diet-tissue
fractionation (Koch 2007). These offsets between diet and tissue are called trophic
discrimination factors (TDF). Carbon and nitrogen isotope values thus vary across animals in

a community depending upon their trophic level and the relative proportion of Cz versus Ca
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vegetation in their diet, enabling the use of 5'3C versus §'°N isotopic niche space to act as a
proxy for dietary niche space (Newsome et al. 2007).

Following Tomeé et al. (in review), a subsample of ~150-250 mg of bone was taken
from each fossil mandible or maxilla using a Dremel tool. To extract organic collagen matrix
from the bone, we demineralized samples with 0.25N HCI at 3-4°C for 24-48 hours. Once
demineralization was complete samples were lipid extracted via soaking in 2:1
chloroform/methanol for 72 hours, changing the solution every 24-hours. Each sample was
then washed 5-7 times with distilled water and lyophilized. Approximately 0.9-1.0mg of each
dried collagen sample was weighed on a microbalance and packaged into 0.35 mm tin
capsules. 33C and §™°N values of all samples were analyzed using a Costech elemental
analyzer (Valencia, CA) interfaced with a Thermo Scientific Delta V Plus isotope ratio mass
spectrometer (Bremen, Germany) at the University of New Mexico Center for Stable
Isotopes (Albuquerque, NM). Isotope values are reported as 6 values, where 6 =
1000[ (Rsampte/ Rstandard)-1] and Rsamp and Rstd are the *3C:*2C or **N:'*N ratios of the sample
and standard, respectively; units are in parts per thousand, or per mil (%o). Samples were
calibrated using international reference standards; Vienna Pee Dee Belemnite (VPDB) for
carbon and atmospheric N2 for nitrogen (Fry 2006, Sharp 2017). The standard deviation of
organic references within a run was <0.2%o for both *3C and 5'°N values. We excluded any
samples whose [C]:[N] ratios were above 3.5 due to diagenetic alteration (Ambrose 1990).

We followed our protocol for MNI as outlined for the mass measurements to ensure
that each sample represented a unique individual. Our final dataset for the isotopic analyses
consisted of 285 measurements. It is important to note that not all specimens for which we

had 5!3C and 5!°N measurements had body measurements, and vice versa. Of the 396
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individuals with mass measurements and 285 with isotope measurements, 110 individuals
had both. Thus, 185 animals just had *C and §'°N values and 286 just had body size

measurements.

Data

We compared our body size and diet data with measures of the mammal community
composition and turnover, climate including temperature and precipitation, and several
measures of vegetation composition and change. Community data included a-diversity
(richness) and B-diversity (Sorenson Index), extracted from Smith et al. (2016b), updated to
reflect current phylogeny, and recalculated to fit within the time intervals we employ here
(Table 3.1). The original community data for Hall’s Cave was compiled by Toomey (1993)
and expanded to encompass the Edwards Plateau using the Neotoma Paleoecology Database
(2015) by Smith et al. (2016b).

Climate information came from the Community Climate System Model (CCSM3),
which simulates and interpolates 500-year intervals of climate across North America for the
past 21,000 years (Lorenz et al. 2016a, b). The CCSM3 data have 0.5° spatial resolution;
thus, we were able to obtain regional scale climate events for the Edwards Plateau. Mean
daily maximum and minimum monthly temperature and total monthly precipitation data were
extracted from the CCSM3 at 500-year intervals. We averaged values to the same temporal
resolution/binning used for our fossils (Table 3.1, Figure 3.2A-C).

Vegetation data came from Cordova and Johnson (2019), whom provide pollen and
phytolith count information from the Hall’s Cave record for the past 18,000 years over 47

stratigraphic depths. We extracted data on the ratio of C3 to C4 grasses over time. Increasing
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Cavalues generally reflect a shift towards drier conditions and open woodland to grassland
environments (Cordova and Johnson 2019). Thus, we used this ratio as a proxy for grassland
environments. We also extracted Opuntia and Cuppressaceae pollen counts as modern
Neotoma albigula and N. micropus are known to consume larger quantities of prickly pear
cacti -up to 45% of diet in N. albigula — and moreover, make more use of juniper than
Neotoma floridana (Vorhies and Taylor 1940, Spencer and Spencer 1941, Finley 1958,
Rainey 1956, Wiley 1980, Dial 1988, Braun and Mares 1989, Macédo and Mares 1988,
Schmidly and Bradley 2016). Pollen counts of Opuntia and Cuppressaceae and Cz/C4 grass

ratios were fit into our 15-time intervals for analyses (Figure 3.2D).
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Figure 3.2. Changes in climate and vegetation on the
Edwards Plateau over time. Changes in A) maximum,
B) minimum temperature and C) precipitation (mm)
(Lorenz et al. 20164, b) over time for the Edwards
Plateau. D) Ratio of Cs versus Ca grass (%) and pollen
counts of Cuppressaceae and Opuntia at Hall’s Cave
over time (Cordova and Johnson 2019).
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Statistics

We employed both parametric and non-parametric tests to examine changes in mass
and diet over time because in some instance our data violated assumptions of normality. All
statistical analyses were performed using R software version R.3.6.0 (R Core Team 2019) and
RStudio 1.2.1335 (RStudio Team 2019).

We first analyzed body size and isotope variation before and after the extinction to
determine if there was a marked change associated with period of acute biodiversity loss. Here,
we employed the F-test and Bartlett’s test. To examine changes in mass across the 15-time
intervals we used ANOVA and Tukey multiple comparisons. Linear models were also run
using maximum (e.g., the largest individual per time interval) and median mass against the
mean of the 3C, 8°N, climate and community variables to evaluate their influence on body
mass. When significant correlations were found, we conducted an analysis of covariance
(ANCOVA) was run to determine the added effect of each on mass.

We characterized shifts in isotopic niche space using Bayesian based standard ellipse
areas (SEAg) of 6*3C and 5'°N and calculated the overlap of SEAs between adjacent time
intervals using the SIAR package for R (Jackson et al. 2011, Parnell and Jackson 2013, R Core
Team 2019). Ellipses displaying 50% coverage were plotted using JMP Pro 13 (version 13.1).
Changes in isotopic niche space were tested by analyzing §*C and 8*°N using ANOVA and
Tukey multiple comparisons, across 14-time intervals due to lack of sufficient sample size in
the oldest interval. Linear models were run using mean, minimum and maximum §**C and
SN against maximum and median mass, as well as climate, vegetation and community

variables.
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The presence of different species of Neotoma led us to test for differences in 5!3C
across broader mass categories to attempt to partition species level patterns with changes in
diet. Because there is a large amount of overlap in size between modern Neotoma floridana
(200-3509), N. micropus (205-310g) and N. albigula (190-225g) in Texas (Schmidly and
Bradley 2016), mass groups were assigned to try and separate potential species. Mass groups
were selected to account for differences in body size of each species across its range
compared to Texan populations while maintaining sufficient sample size for analysis. The
first group included only individuals with masses less than 180g, which is the lower end of N.
micropus (~180-320g) across its species range (Braun et al. 1989) such that only N. albigula
is likely to fall in this category. The second group was between 180-225g, which is likely to
include larger N. albigula and smaller N. micropus, but exclude the majority of N. floridana.
The third group was between 225-280g, likely excluding N. albigula but capturing the largest
degree of overlap in size between N. micropus and N. floridana. The final mass group
included all individuals greater than 280g in mass, and likely represent mostly N. floridana
and potentially a small portion of large N. micropus. We tested for differences in diet across

mass group using ANOVA and Tukey multiple comparisons.

Results

The Neotoma present in the Edwards Plateau community prior to the extinction were
significantly larger than after the loss of biodiversity (Table 3.2, Figure 3.3A). Mass of
Neotoma significantly decreased across time (ANOVA F-value=2.85, df=14/381, p<0.01:

Kruskal-Wallis chi-squared=38.07, p<0.001, Table 3.1, Figure 3.4A). In particular, the mean
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Table 3.2. Results for changes in the distributions and variance of Neotoma mass and
diet (3!3C and 8'°N) for pre- (12700-22400 cal BP) and post-extinction (0-12700 cal
BP) time bins. * Welsh Two-Sample T-Test used to account for unequal variances
between groups.

F-Test Bartlett Test Two Sample T-Test Wilcoxon Rank Sum Test
F df p-value K-squared df | p-value t df p-value W p-value
Mass | 1.54 | 69/325 0.014 5.86 1 0.016 -2.52 | 89.2 | 0.013* 13624 0.011
33C | 045 | 33/250 | 0.007 7.60 1 | 0.006 2.90 | 55.3 | 0.005* 3276 0.028
SN | 1.48 | 33/250 0.100 2.48 1 0.116 4.40 283 0.000 2290 0.000

Figure 3.3. Changes in Neotoma across the
megafaunal extinction event. Boxplots
show mean and interquartile ranges for A)
mass, B) §13C and C) §*°N distributions of
the Neotoma, before (pre-) and after (post-)

the megafaunal extinction.
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body size of Neotoma in the oldest time interval (15800-22400 cal BP) was significantly larger
than Neotoma at 6700-7700 and 0-3100 cal BP (Appendix 3 Table 2 for Tukey comparisons).
Decrease in body size also include a 160g size difference between the largest individuals
(~230-390g) from the oldest to youngest time intervals. Changes in body size were correlated
with both climate and community changes. Decreased maximum mass of Neotoma was
significantly correlated with increasing maximum temperature and increased turnover in the
community (Table 3.3, Figure 3.4B-C). The median body mass of Neotoma was significantly
and negatively correlated to turnover (Table 3.3). Results of ANCOVA (F = 1.377, p>0.5)
suggest that the temperature is influencing changes in mass independently from turnover. Here,
turnover was calculated in terms of similarity to the modern community composition (Table
3.1), such that maximum and median body size decreased with community changes throughout

the Holocene towards modern.

Table 3.3. Results of AIC and multiple linear models comparing mass and diet (§**C and
31°N) to climate and community metrics. Models were run on maximum and median mass
due to the potential for multiple species of Neotoma. Precipitation (mm) (Precip), maximum
and minimum temperature (°C) (Max_Temp and Min_Temp) were extracted from the CCM3
(Lorenz et al. 2016a,b). Significant p-values are bolded.

Climate Models
Neotoma Best model AlIC F-statistic df p-value | Adjusted r?
Maximum Mass Max_Temp neg. 100.8 19.26 1/13 0.001 0.57
Median Mass Max_Temp neg. 84.0 3.82 1/13 0.073 0.17
Maximum §**C Min_Temp pos. 23.8 8.29 1/13 0.013 0.34
Mean §*°C Precip neg. -13.9 10.37 1/13 0.007 0.40
Minimum §°C Max_Temp neg. -5.5 3.89 1/13 0.070 0.17
Maximum §*°N Max_Temp + Min_Temp neg., pos. -7.6 9.13 2/12 0.004 0.54
Mean §*°N Max_Temp + Min_Temp neg., pos. -314 17.36 2/12 0.000 0.70
Minimum §*°N Min_Temp pos. -19.9 5.72 1/13 0.033 0.25
Community Models
Neotoma Best model AIC F-statistic df p-value | Adjusted r?
Maximum Mass Sorenson neg. 92.6 42.55 1/13 0.000 0.75
Median Mass Sorenson neg. 74.7 10.56 2/12 0.002 0.58
Maximum §°C Richness neg. 28.0 3.04 1/13 0.105 0.13
Mean §%°C Richness neg. -114 6.80 1/13 0.022 0.29
Minimum §*C Sorenson neg. -10.7 6.59 2/12 0.012 0.44
Maximum §*°N Sorenson pos. 4.1 0.14 1/13 0.718 -0.07
Mean §*°N Richness neg. -20.3 8.14 1/13 0.014 0.34
Minimum §*°N Richness neg. -19.1 4.73 1/13 0.049 0.21
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Figure 3.4. Changes mass of Neotoma over time. Changes in A) mass of Neotoma across
25-time intervals. Linear models of maximum body size (g) versus B) maximum
temperature (°C) (Y=715.9-17.2X, df = 1/13, p<0.001, adj. R? = 0.57) and C) Sorenson
index as similarity of community composition to the youngest time interval (Y=489.9-
264.8X, df = 1/13, p<0.001, adj. R? = 0.75).

Although body size of Neotoma varied significantly across time, these changes did
not appear to be related to diet. Linear models found no correlation between either carbon
(8%3C) or nitrogen (8'°N) with body size (Table 3.4). Analysis of classified mass groups
(<180g, 180-225g, 225-280g and >280g) found a significant difference in the §*3C values of
Neotoma (ANOVA F-value=3.27, df=3/106, p<0.05: Kruskal-Wallis chi-squared=9.16, df=3,
p<0.05), but multiple comparisons revealed no significantly different pairs (Appendix 3 Table

3) (Figure 3.5).

Table 3.4. Results of linear models comparing mass and diet in Neotoma.

Variables Compared F-statistic df p-value Adjusted r?
Mass - §°C 0.15 1/108 0.698 -0.01
Mass - §°N 0.08 1/108 0.778 -0.01
513C - 5°N 57.66 1/283 0.000 0.17
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Figure 3.5. Mass groups and diet of Neotoma. Isotopic niche space (5!3C and §*°N) across
4 mass groups (<180g, 180-225¢g, 225-280g, >280g) of Neotoma.

We find differences in the isotopic diet of Neotoma before and after the extinction.
The genus had significantly lower bone collagen §'C and 3'°N values prior the extinction
compared with afterwards (6%3C: ANOVA F-value=4.63, df=1/283, p<0.05; Kruskal-Wallis
chi-squared = 4.82, df = 1, p-value<0.05: 3°N: ANOVA F-value=31.6, df=1/62, p-
value<0.001; Kruskal-Wallis chi-squared =19.22, df = 1, p<0.001) Table 3.2, Figure 3.3B).
While variance in carbon isotope space increased after the extinction, that of the nitrogen
isotope space did not (Table 3.2, Figure 3.3C). Analysis of the individual time intervals found
only a single significant difference across time. Neotoma consumed a significantly greater

proportion of C4/CAM at 6700-7700 cal BP than 10000-11000 cal BP (ANOVA F-value=2.37,
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df=14/270, p<0.01, Kruskal-Wallis chi-squared=32.92, df=1, p<0.01, Appendix 3 Table 2).
5'°N values of Neotoma were significantly higher at 7700-8400 cal BP than at 12700-15800
cal BP (ANOVA F-value=2.49, df=14/270, p<0.01, Kruskal-Wallis chi-squared=33.75, df=14,
p<0.01, Appendix 3 Table 2).

The isotopic niche space (SEAg) of Neotoma increased over time (Figure 3.6A-C, 7).
The 8C and 8N values of Neotoma were significantly and positively correlated, with
increasing 8'°N values being associated with a proportion of C4/CAM consumed (Table 3.4).
Neotoma used more Cz resources during periods of higher precipitation and a-diversity. Bone
collagen 3*3C values were significantly and negatively correlated to precipitation and richness
(Table 3.3, Figure 3.6D-E), such that Neotoma was consuming more C3 resources under more
mesic conditions and when more a diversity was present, both of which are highest prior to the
extinction event. §°N values were significantly and negatively correlated with maximum
temperature and positively with minimum temperatures, and negatively correlated with a-
diversity (Table 3.3). Overlap in dietary niche space was highest between about 0-3100, 3100-

6100, and 9000-10000 cal BP (Figure 3.6C, Figure 3.7).
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Figure 3.6. Changes in bone collagen 3C and §*°N of Neotoma over time. A)
Changes in the §*3C values and B) Changes in the §*°N values of Neotoma through
time. C) Standard ellipse areas (SEA)(%o) and overlap of adjacent SEAs (solid line)
through time. Linear relationships between D) precipitation (Y=-12.0-0.01X, df=1/13,
p<0.01, adj. R? = 0.29), E) species richness (Y=-16.9-0.03X, df=/13, p<0.05, adj. R? =
0.29), F) pollen counts of Opuntia (Y=-18.6-0.06X, df=/13, p<0.05, adj. R? = 0.37),
and G) pollen counts of Cuppressaceae (as Juniper) (Y=-18.1-0.04X, df=/13, p>0.1,
adj. R2=0).

313C was significantly correlated with changes in vegetation. Neotoma had a larger
proportion of C4/CAM in their diet with increasing amounts of Opuntia (linear model F-
statistic = 9.06, df=1/13, p<0.05) and decreasing Cs grasses (linear model F-statistic=10.58,
df=1/13, p<0.01) on the landscape (Figure 3.6F). We found no correlation between changes in

diet and presence of juniper (linear model F-statistic=0.71, df=1/13, p>0.1) (Figure 3.6G).
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0-1500 1500-3100 3100-5400 5400-6100

6100-6400 6400-6700 6700-7700 7700-8400

8400-9000 9000-9400 9400-10000 10000-11000

1000-12700 12700-15800 15800-22400

Figure 3.7. Isotopic niche of Neotoma by time interval. Standard ellipse areas (SEAS)
represent 50% coverage of where Neotoma populations for each time interval (cal BP)
lie in *3C and 8'°N space. Each interval is divided by intersecting lines at §*3C = -16%o
and 8N = 6%o. SEA was not calculated for oldest time interval due to low sample size
(n=5).

Discussion

Our results clearly show that Neotoma responded to the climate and biodiversity
changes of the terminal Pleistocene. As the glacial ice sheets retreated and the climate warmed,
Neotoma became smaller (Figure 3.4A) and made use of a more mixed diet by increasing their
use of C4/CAM resources over time (Figure 3.7). Decreased size and greater mixed resource

use were also associated with the loss and turnover in biodiversity (Table 3.3, Figure 3.4C,
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6E). Whether these changes resulted from adaptation within a single species, as has been
shown elsewhere (Brown and Lee 1969, Smith et al. 1995, 1998, Smith and Betancourt 1998,
2003), or resulted from the partial or full replacement of species within the genus is unclear,
but overall we find a large change in the ecology of Neotoma as it responds to a combination
of abiotic and biotic stressors.

Neotoma underwent significant decreases in body size across the end Pleistocene
megafaunal extinction and throughout the Holocene (Figure 3.3A). Decreased maximum body
size in Neotoma over time was predominantly associated with community turnover and
increasing regional temperatures (Figure 3.3E, Table 3.1 & 3.5). With the warming climate of
the Holocene, thermal intolerance likely led to reduced body size in the largest individuals of
Neotoma across time intervals following Bergmann’s rule, as has commonly been found within
the genus (Brown and Lee 1969, Smith et al. 1995, 1998, Smith and Betancourt 1998, 2003).
The influence of community turnover on both maximum and median body mass suggest that
the genus becomes smaller overall as the community composition becomes more similar to
modern (Table 3.3). Community restructuring following the megafauna extinction may have
led to changes in biotic interactions and competition for resource availability. Decreased size
may be advantageous for predator avoidance in small mammals (Stanley 1973). At the same
time, smaller size may have altered Neotoma s ability to compete for resources or habitat, as
larger size in modern Neotoma can act as a competitive advantage (Finley 1958, Cameron
1971, Dial 1988).

Separately from changes in body size, the dietary niche of Neotoma also shifted across
the past 22,000 years with changes in climate, biodiversity loss and vegetation. The mean &*3C

value of Neotoma across the entire temporal record at Hall’s Cave were generally reflective of
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browsers, and ranged between -17.1 to -19.5%o (SD: 0.3-3.1) (Table 3.1). However, Neotoma
shift between consuming a greater proportion of Cs plants prior to the extinction to higher
mixed C3-C4/CAM use. Prior to 14,000 cal BP, the Edwards Plateau was covered in deciduous
forest (Bryant and Holloway 1985). A regional shift to warmer and drier conditions led to the
expansion of grassland and oak savanna ecosystems by ~11,600 cal BP (Bryant and Holloway
1985). C4 vegetation continued to increase across Texas over the Holocene, leading to a more
open landscape on the Edwards Plateau (Nordt et al. 1994, Fox and Koch 2003, Cotton et al.
2016, Cordova and Johnson 2019). We find an increase in the dietary niche space of Neotoma
beginning 10,000 years ago. Following an increase in Opuntia at about 9000 cal BP (Cordova
and Johnson 2019, Figure 3.3D), we find an increase the consumption of C4/CAM at 6700-
7700 cal BP. A sudden decrease in isotopic niche between 6400-6700 cal BP (Figure 3.2D,
6C, 7) mirrors the disappearance of Opuntia from the Hall’s Cave fossil record, and a shift
away from a more mixed C3-C4/CAM diet to greater use of Cz resources. As Opuntia reappears,
the breadth of §*3C values of Neotoma increase as well (Figure 3.2D, 6C, 7). These patterns
suggest a strong influence by vegetation shifts and resource availability on the diet of Neotoma.

The changes in the *°N values of Neotoma (Figure 6B, 7) potentially reflect changes
in trophic level or baseline shifts in the nitrogen isotope composition of consumed plants.
Modern Neotoma are essentially herbivorous, with occasional and very limited consumption
of insects (Vorhies and Taylor 1940, Rainey 1956). However, if increased 5!°N values were
due to a trophic level shift, it would suggest Neotoma were more omnivorous than believed.
Alternatively, the correlation between increased Cas consumption and higher §*°N values
(Figure 4C) could result from changing environmental conditions (DeNiro and Epstein 1981,

Amundson et al. 2003). In general, plant 3*°N values are higher in more arid relative to mesic
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environments (Ambrose 1991, Austin and Vitousek 1998, Amundson et al. 2003). We found
3'°N in Neotoma to be positively correlated with increasing minimum temperature, suggesting
plant 3'°N increased as the environment warmed. However, we also found 8*°N decreased with
increasing maximum temperature, and we found no correlation between 5'°N and precipitation
(Table 3.3), as may have been expected from modern patterns. Thus, whether changes in the
proportion of nitrogen isotopes in bone collagen are due to changes in the vegetation or to
trophic level remains unclear.

Changes in both the body size and diet of Neotoma may also be related to temporal
changes in the composition of Neotoma species present in the record. Prior to the extinction,
the larger N. floridana is most likely the only species of Neotoma present according to aDNA
work on fossils from the oldest strata (Stafford, pers. comm.). At this time, the environment of
the Edwards Plateau was still a deciduous forest, a typical habitat of N. floridana (Rainey 1956,
Bryant and Holloway 1985). After 17,000 cal BP, the region shifts towards a more open
grassland/savanna landscape (Bryant and Holloway 1985, Cordova and Johnson 2019),
conditions shifted from habitats favorable for N. floridana to those more typical of N. micropus
and/or Neotoma albigula (Finley 1958, Macédo and Mares 1988, Braun and Mares 1989).
Thus, the immigration of these smaller species onto the Edwards Plateau could have been
driven by regional vegetation and resource shifts due to changing climate and the loss of the
megafauna from the landscape. At around 6700-7700 cal BP, we find that mass in Neotoma
has become significantly smaller compared to the oldest time interval. The dramatic decrease
in body size of Neotoma, may then be a consequence of not only a genus level adaptation to

increasing temperatures, but also due to increased populations of these smaller species.

92



Changes in diet of Neotoma over time may also be related to differences in resource
use among the species. Today, both N. albigula and N. micropus consume high proportions of
cacti, such as Opuntia (Finley 1958, Dial 1988, Macédo and Mares 1988, Braun and Mares
1989). Drought adapted CAM plants such as cacti typically have carbon isotope values that
are similar to C4 plants; mean (+SE) 5'3C values for Opuntia collected in Texas south of the
Edwards Plateau is -15.6 (£0.2) %0 (Mooney et al. 1974, Sutton 1976, Mooney et al. 1989,
Boutton et al. 1998). Thus, shifts to higher §'*C values in Neotoma may reflect a greater
proportion of CAM in the diet. Indeed, we find a significant and positive correlation between
the increase in the amount of the Opuntia cactus in the region and the use of C4/CAM resources
by Neotoma (Figure 3.6F). An increase in species abundances of N. micropus or N. albigula
may be causing a shift to a more C3-C4/CAM diet. These regional vegetation shifts are also
likely decreasing the habitat and resources N. floridana relies on for den building, and
increasing those used by N. micropus and/or N. albigula (i.e. shrubs and cacti) (Rainey 1956,
Finley 1958, Brown et al. 1972, Thies and Caire 1990). In modern populations, reduced
appropriate habitat/materials for dens can lead to declines in Neotoma populations, generally
related to reduced thermal and predator protection (Raun 1966, Brown 1968, Brown et al.
1972, Smith 1995, Ford et al. 2006). We find that while presence of cacti is significantly
correlated changes in diet, juniper is not. Of the three species, N. albigula makes the most use
of juniper, with it making up as much as 35% of the diet within some populations (Dial 1988).
The lack of correlation with changes in juniper and diet (Figure 3.6G) may suggest N. albigula
is present in lower abundances than N. micropus in the Hall’s Cave record, potentially because
the larger N. micropus is outcompeting the smaller species for space and resources (Finley

1958, Cameron 1971, Dial 1988). We also found no overall correlation between mass and diet
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(Table 3.4), despite shifts towards smaller size and higher C3-C4/CAM consumption over time.
If N. micropus abundances were higher than those N. albigula, the larger overlap in mass with
co-occurring N. floridana may mask changes at the species level versus wider resource use at
the genus level.

Overall, Neotoma’s responses suggest a strong abiotic influence from climate at the
terminal Pleistocene and a likely change in species abundances from N. floridana to N.
micropus and/or N. albigula in the Holocene with changing resource availability. Interestingly,
the response of Neotoma to the dramatic climate and community changes of the late Quaternary
are considerably different from that of Sigmodon (cotton rat). Smaller than Neotoma, Sigmodon
(80-150g in Texas today) is generally found in grassland habitats, where it forages mostly on
grass leaves and seeds (Cameron and Spencer 1981, Kincaid and Cameron 1985, Randolph et
al. 1991, Toomey 1993, Schmidly and Bradley 2016). Present in the Halls Cave record
beginning 16,000 years ago, Sigmodon was heavily influenced by shifts in community
composition and resource availability over temperature, with overall less variation in mass and
diet than compared to Neotoma (Tomé et al., in review). Climatic fluctuations and ecosystem
remodeling due to the megafauna extinction may both have played roles in vegetation shifts
that led to changes in the mass and diet of both Neotoma and Sigmodon (Owen-Smith 1992).
The differences in how Neotoma and Sigmodon responded to the late Pleistocene megafauna
extinction and the cooccurring climatic changes of the Holocene in North America show
important variation in the changes to individual species niches. Characterization of these niches
through time provides insight into the regional vegetational and community shifts produced as
a consequence of large-scale abiotic and biotic changes, which can inform how modern

communities may respond to modern anthropogenic climate change and biodiversity loss.
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APPENDIX 1

Table 1. Locality and accession information for Neotoma specimens used in analysis.
Museum IDs correspond to the Smithsonian National Museum of Natural History (USNM)
in Washington D.C., the Bell Museum of Natural History (MMNH) at the University of
Minnesota (St. Paul, MN).

. Locality State . .
Species Name (Country) Latitude | Longitude | N Museum IDs
New USNM: 137714, 137716, 137718, 137719, 137739
Grants Mexico 35.15 -107.85 1 10 138159, 138160, 138161, 138164, 138167
Neotoma (USA)
albigula
. Arizona USNM: 251307, 251312, 251313, 251314, 251315,
Pima (USA) 31.86 -110.71 110 251318, 251319, 251320, 251321, 251326
British USNM: 128218, 128588, 128589, 128590, 130204
Bennett City | Columbia | 5984 ) -134.99 | 10 130205, 130206, 130207, 130208, 130209
(Canada)
Alberta USNM: 75899, 75900, 75901, 75902, 75905, 75906,
JasparHouse | anada) 52.95 -118.14 1 10 75907, 75910, 75915, 75917
Washington USNM: 24188, 24189, 24190, 24191, 74775, 74778,
Spokane (USA) 47.26 1771110 74779, 74780, 230075, 230462
- Washington USNM: 57139, 89738, 89742, 89743, 226192,
Klickitat (USA) 45.70 -120.76 1 10 226193, 226194, 226196, 226198, 230460
Neotoma . Montana USNM: 214708, 214709, 214710, 214711, 214723,
cinerea Big Horn (USA) 45.60 10746 1 10 214724, 214725, 214726, 214727, 214728
Oregon USNM: 79349, 79375, 79382, 80177, 80179, 80180,
Harney (USA) 42.98 -119.00 1 10 205246, 216030, 216035, 222339
Wyoming ] USNM: 88297, 176909, 177489, 179306, 179307,
Sweetwater (USA) 42.08 11004 ) 10 179308, 179477, 179478, 179479, 179480
Utah & USNIM: 55181, 55381, 55382, 158533, 167507
Bear Lake Idaho 4167 | -11179 ) 10 190335, 190336, 263987, 264308, 264309
(USA)
California USNM: 55547, 55780, 55783, 88327, 88328, 88329,
Donner (USA) 39.21 -12001 1 10 88330, 88331, 83332, 100661
Kansas MMNH: 12621, 12622, 12623, 12627, 12628, 12629,
Wakarusa (USA) 38.89 9531 | 10 12630, 12631, 12632, 12633
Neotoma
floridana Osae OKlahoma | oo ‘9657 | 10 | MMNH: 10254, 11399, 11400, 11401, 11403, 11404,
g (USA) : : 12642, 12643, 12644, 12646
Nevada USNM: 67896, 67897, 78280, 78283, 78284, 78285,
Secret Valley (USA) 40.72 -119.48 | 10 78286, 78288, 94255, 94258
California USNM: 28039, 28042, 28044, 28045, 28049, 28292,
Coso (USA) 36.18 11765 1 10 28293, 28302, 28303, 28305
Neotoma
lepida -
Arizona USNM: 161167, 161169, 161171, 161173, 161175,
Lees Ferry (USA) 36.06 11213110 215542, 215543, 215544, 215638, 243126
Panamint California USNM: 25343, 25344, 25345, 25346, 25347, 25348,
Valley (USA) 35.33 11610 1 10 25349, 25350, 25351, 25356
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. Locality State . .
Species Name (Country) Latitude | Longitude | N Museum IDs
California USNM: 136141, 136143, 136145, 136146, 136149,
Oro Grande (USA) 34.60 -117.34 110 136150, 136153, 136154, 136155, 136157
Colorado USNM: 87674, 87677, 87678, 87679, 87680, 87681,
Loveland (USA) 4041 -105.10 110 87682, 87921, 87922, 87923
New .
Neotoma | Manzano Mexieo a1 10641 | 10 | USNM: 131665, 131672, 131677, 131855, 131860,
mexicana Mountains (USA) 131861, 131863, 131866, 131872, 131873
o Guerrero USNM: 126892, 126920, 126923, 127498, 127499,
Omiltemi (Mexico) 17.54 9952 1 10 340638, 340641, 340642, 340643, 340645
Oklahoma USNM: 273225, 273227, 273232, 273322, 273323,
Fort Supply (USA) 36.57 -9957 1 10 273325, 273326, 273327, 273328, 273699
Neotoma
MICTopus Maior Oklahoma | . - 9802 | 10 | MMNH: 12704, 12705, 12706, 12709, 12710, 12711,
) (USA) ' ' 12712, 12714, 12717, 12718
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APPENDIX 2

1. Sensitivity Analyses

To test whether our selection and standardization of molars elements for mass estimation led
to biases in our analysis, we ran several sensitivity analyses. First, we included all data,
without the exclusion of potential duplicates or subadults, processed as described within the
methods of the main text. Second, we reran analyses on all data but excluded potential

subadults. Finally, we ran analyses on single elements, either upper or lower molars.

We conducted the analyses across both our pre- (12700-15800 cal BP) versus post- (0-12700
cal BP) extinction bins, and then across our 14-time intervals to test whether the inclusion of
only lower or only upper molars changed the results we obtained from using minimum
number of individuals (MNI) and a standardization of upper molars to estimate body size.
This analysis therefore contained all 399 specimens for which we obtained molar length
measurements, and were divided into 230 lower molar measurements and 169 upper molar
measurements, including both left and right orientations. We analyzed variation across our
pre- and post-extinction bins using the F-test and Two-sample T-test, and considered changes

across our 14-time intervals using ANOVAs and Tukey Multiple Comparisons.

Analyses using all 399 mass estimates gave the same results as those given by data analyzed
after applying our MNI, independent of whether subadults were maintained or removed.
Analysis of all data, including potential duplicate individuals and subadults, found no
significant change in the variation or distribution of mass across our pre- and post-extinction
time intervals (F-test P>0.05, df=12/385, Two Sample T-test P>0.1, df=397) or across our

14-time intervals (ANOVA P>0.1, df=13/385). Similar results were obtained when subadults
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were removed both for the pre- and post-extinction bins (F-test P>0.05, df=12/368, Two

Sample T-test P>0.1, df=380) and 14-time intervals (ANOVA P>0.1, df=13/368).

Our results were consistent across lower and upper molars and those obtained using our MNI
selection criteria, even with the inclusion of subadults. Analysis for pre- and post-extinction
time intervals found no significant change in variation or distribution of mass as given by
lower molar length (F-test P>0.1, df=5/223, Two Sample T-test P>0.1, df=228) or upper

molar length (F-test P>0.1, df=6/161, Two Sample T-test P>0.1, df=167).

No significant differences were found across adjacent or non-adjacent 14-time intervals when
only lower molar lengths were used (ANOVA P>0.1, df = 13/216). No significant
differences were found across adjacent time intervals, but a single significant change in body
size was found between non-adjacent time intervals for upper molars (ANOVA df=13/155,
p-value<0.05, Tukey p-value<0.05 for time intervals 1500-3100 and 8400-9000 cal BP). This
difference was found to be driven by a single outlier. Thus, the use of a single element did
not alter our overall results, but because temporal bins were lost or low, it would compromise

our ability to do other analyses, such as with our state space models.
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Table 1. Sigmodon elements present within each time interval as given by stratigraphic depth
(cm) and age range (cal BP). Elements included mandibles, maxilla or loose molars
designated as follows: lower left first molar (LLM1), lower right first molar (LRM1), upper
left first molar (ULM1) and upper right first molar (URM1). Mandibles or maxilla without
first molars are designated as “other”. “Total” are all molar measurements taken (N=399)
across all time intervals. “Used in Analysis” is the number of molar measurements included
after removal of potential duplicates using minimum number of individuals and removal of
potential subadults. The age range comes from the age model presented in Appendix 2 Figure
1, Table 2.

Sigmodon Elements Present | Molar Lengths
Sg:‘;'t%”("f:q')c A&ZIRS‘E?‘B LLML | LRM1 | ULM1 | URM1 | Other | Total eraeg o
0-10 0- 1500 2 8 5 2 4 17 14
10-35 1500 - 3100 6 5 6 8 8 25 18
35 - 70 3100 - 5400 6 3 5 3 5 17 13
70 - 80 5400 - 6100 4 8 5 3 8 20 13
80 - 85 6100 - 6400 6 6 2 7 14 21 13
85 - 90 6400-6700 | 12 7 6 3 1 28 19
90-105 | 6700- 7700 8 9 3 1 15 21 16
105-115 | 7700-8400 | 12 11 9 3 7 35 25
115-125 | 8375-9033 | 19 11 12 15 16 57 34
125-130 | 9033-9363 3 2 9 8 22 15
130-140 | 9363-10021 | 10 18 11 44 26
140-155 | 10021-11010 | 22 23 14 11 70 45
155-180 | 11010 - 12656 4 0 9 7
180-230 | 12656-15095 | 5 1 4 22 13 12
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2. Age Model

Table 2. Stratigraphic depth
and radiocarbon and calibrated
ages (cal BP).

Stratigraphic | Calibrated
Depth (cm) | Age (cal BP)

15-20 1207
15-20 1381
25-30 2182
25-30 2344
25-30 2372
40-45 2987
50-55 3522
50-55 5015
60-65 4462
65-70 5921
70-75 5284
80-85 5445
85-90 6200
90-95 6102
90-95 5005
100-105 7036
105-110 8480
120-125 9572
130-135 9810
130-135 9945
140-145 13271
145-150 11851
145-150 12033
145-150 12100
145-150 12172
145-150 12440
145-150 13059
155-160 13081
155-160 13146
160-165 13150
160-165 12100
160-165 13361
163 13339
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Stratigraphic | Calibrated
Depth (cm) | Age (cal BP)

164 13225

164 13225
165-170 13260
175-180 13415

179 13702
185-190 13414
185-190 13435
190-195 13803
195-200 13903
210-215 16961
215-220 13977
215-220 15349
215-220 16913
220-225 14156
220-225 14608
220-225 14637
220-225 14698
220-225 14890
220-225 14994
230-235 14767
230-235 14804
235-240 17506
270-275 16253
295-300 19363
300-305 19743
305-310 19603
305-310 20017
315-320 19625
345-350 19918
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Figure 1. Age Model of Hall's Cave. Regression of calibrated radiocarbon ages (cal BP) and
Stratigraphic Depth (cm) of the Hall's Cave fossil record. Because elements were binned into
5-15cm units, the midpoint of the stratigraphic depth was employed in the regression. A
linear regression yielded an equation of Y = -14.57 + 0.015 X (df=61, P<0.001, R?=0.934).
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3. Additional Data

Table 3. First molars (M1) measurements of Sigmodon hispidus from the
Museum of Southwestern Biology (MSB), University of New Mexico.
Mean lengths of upper left (ULML1), upper right (URML1), lower left (LLM1)
and lower right (LRM1) first molars are given with standard error (SE), as

well as weight as it was recorded on the specimen tag are given.

Measurements were taken using a AM4515ZT Dino-Lite Edge.

MSB ID Weight () ULM1+SE | URM1+SE | LLM1+SE | LRM1+SE
57610 157.0 2.26+0.00 2.17+0.01 2.47+0.01 2.49+0.00
57611 156.0 2.33+0.01 2.22+0.01 2.43+0.02 2.54+0.00
57612 150.0 2.31+0.01 2.27+0.00 2.53+0.01 2.56+0.01
57613 134.0 2.22+0.00 2.3+0.00 2.34+0.01 2.34+0.01
57615 187.0 2.16 £0.00 2.22+0.01 24+0.01 245+0.01
57616 206.0 2.22+0.02 2.21+0.01 2.64+0.01 2.61+£0.01
57617 142.5 2.25+£0.00 2.32+£0.00 2.52+0.01 2.52+0.01
57618 125.0 2.25+0.01 2.22+0.02 2.56+0.00 2.56+0.01
57619 118.0 2.32+0.01 2.24+0.01 2.44+0.00 2.44+0.01
57622 44.1 2.11+0.01 2.14+0.01 2.28+0.01 2.33+0.01
57624 160.0 2.23+0.01 2.28+0.01 2.55+0.00 2.65+0.00
88977 59.7 1.92+£0.00 1.96 £ 0.00 2.16 £0.01 2.22+0.01
104054 99.7 2.18+0.01 2.14+0.01 2.41+0.00 2.39+0.00
104055 87.8 24+0.01 2.48+0.01 2.65+0.00 2.69+0.01
104056 96.5 2.00+0.00 2.08+0.01 2.35+0.00 2.35+£0.00
140853 106.0 1.98 +0.02 1.89+0.00 2.08+0.01 2.13+0.01
180617 735 2.29+0.00 2.18+0.01 2.45+0.00 2.41+0.00
180618 81.0 2.15+0.00 2.14+0.01 2.31+0.01 2.34+0.00
180619 47.0 2.17+0.01 2.16 £0.01 2.25+0.01 2.30+0.01
180895 88.9 2.18+0.01 2.23+0.01 2.51+0.01 2.60+0.01
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Table 4. Results of Tukey Honest Significant Differences on
ANOVA (P<0.001, df=13/252) of §*°N across all time interval.
Only significant differences shown. Significance given as follow:
*=p<0.05, **=p<0.01, ***=p<0.001.

Upper Age Range Lower Age Difference
(cal BP) Range (cal BP) | of Means PUEILE
12656 - 15095 1458 - 3104 1.23 *x
11010 - 12656 5410 - 6069 1.57 *
11010 - 12656 1458 - 3104 1.85 okl
10021 - 11010 5410 - 6069 1.14 ol
10021 - 11010 1458 - 3104 1.42 ol
9363 - 10021 1458 - 3104 1.37 ol
8375 - 9033 6069 - 6398 1.02 *x
8375 - 9033 5410 - 6069 1.22 ol
8375 - 9033 1458 - 3104 1.50 ool
8375 - 9033 0 - 1458 1.24 *
7716 - 8375 6728 - 7716 1.16 *x
7716 - 8375 6069 - 6398 1.42 ol
7716 - 8375 5410 - 6069 1.62 ol
7716 - 8375 1458 - 3104 1.90 ol
7716 - 8375 0 - 1458 1.65 ol
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Table 5. Fit Linear Model results for 8*3C and
5'°N for each age interval. Significance denoted

under p-value as follows: ns=not significant,
*=p<0.05, **=p<0.01, ***=p<0.001.

Age Range (cal BP) | Adjusted R? | p-value
0 - 1458 0.04 ns
1458 - 3104 -0.04 ns
3104 - 5410 0.28 *
5410 - 6069 0.08 ns
6069 - 6398 0.27 *x
6398 - 6728 -0.14 ns
6728 - 7716 0.23 *
7716 - 8375 -0.05 ns
8375 - 9033 0.38 el
9033 - 9363 0.04 ns
9363 - 10021 0.21 *
10021 - 11010 0.40 el
11010 - 12656 -0.11 ns
12656 - 15095 0.11 *
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Table 6. Outputs for 3 state-space model outputs for mass (Y mass), 8°C (Ycarbon) and 8*°N

(Ynitrogen) Showing regression weight () values, with corresponding standard deviations
(SD). All standard errors were < 0.05.

Y mass SDmass Y carbon SDcarbon | Yhitrogen | SDnitrogen
Main Variables
body size B1 ~ ~ 0.0 0.0 0.0 0.00
S13¢c B2 1.7 0.5 ~ ~ 0.2 0.00
S15N B3 1.0 12 12 0.2 ~ ~
Climate Variables
mean precipitation Ba 0.0 0.1 0.0 0.0 0.0 0.0
maximum temperature Bs 0.9 19 -0.1 11 -0.8 0.8
minimum temperature Be 0.6 2.0 0.2 1.7 0.6 14
Community Variables
a-diversity B7 -0.3 11 -0.3 1.0 0.0 0.9
B-diversity B 0.1 1.9 0.4 2.0 -0.6 2.0
% browsers Bo -0.4 18 0.2 1.0 0.0 0.8
% carnivores B1o 0.3 13 -0.2 0.8 0.0 0.7
% frugivores/granivores Bi1 0.4 1.8 0.5 0.9 -0.4 0.8
% grazers P12 -0.9 1.7 0.5 1.0 -0.1 0.8
% insectivores B13 -0.6 1.9 -0.8 11 0.3 0.8
% omnivores B1a 0.7 19 -0.3 11 0.2 0.8
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Y = 0.1655 + 1.033 X
P<0.001, R* 0.696

Figure 2. Upper and Lower First Molar Relationship. Linear fit of upper and lower first
molar length (mm) of Sigmodon hispidus. Note: sample size is low (N=20), with R?> = 0.7
and adjusted R? = 0.68.
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Figure 3: State-Space Models. Results of state space models
showing the fit of modelled responses for a) mass, b) §*3C,
c) 8%°N. Black lines represent the range of raw data values.
Grey circles are the output data from each model.
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Figure 4: Cz versus Cs grasses at Hall’s Cave over time. Plant fossil data from
Cordova and Johnson 2019 showing the ratio of Czto C4 grasses as a percent
(solid line) and the proportion of grass out of all phytolith fossils (dashed blue
line) present in the Hall’s Cave record over 17000 years (cal BP).
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APPENDIX 3

Table 1. Measurements of first upper and lower molars of modern Neotoma from the

Bell Museum of Natural History (MMNH) and the Museum of Southwestern Biology
(MSB). Mean lengths of upper left (ULM1) and right (URML1), lower left (LLM1) and
right (LRMZ1) first molars are given with standard error (SE).

M”fgum Spef[')me” ULM1 + SE | URM1 + SE | LLM1 + SE | LRM1 + SE
MMNH 10254 | 3.42+002 | 341+001 | 319+0 3160
MMNH 11399 | 329+001 | 317+0 | 3.05+001 | 3.11+001
MMNH 11400 | 357+001 | 355+0.02 | 34+002 | 332+0
MMNH 11401 | 364+003 | 368+0 | 324+001 | 3.26+001
MMNH 11403 | 347+001 | 36+0 | 338+001| 33+0
MMNH 11404 | 3.34+003 | 3.36+0.03 | 3.09+001 | 312+0
MMNH 12621 | 3.41+003 | 3.39+0.02 | 3.19+0.04 | 3.18 +0.01
MMNH 12622 | 321+001 | 3.26+001 | 3.37+0.04 | 3.41+0.02
MMNH 12623 | 3.28+002 | 326+001 | 319+0 | 3.28+0.02
MMNH 12627 | 3.28+002 | 325001 | 307001 | 3.07+0
MMNH 12628 | 3.45+001 | 3.39+001 | 348+0 | 3.42+001
MMNH 12629 | 3.69+001 | 352+0.03 | 3.81+0.01 | 3.63 +0.03
MSB 109867 | 3.12+0.02 | 3.13+0.01 | 2.86£0.01 | 2.77 £ 0.02
MSB 109868 325+0 317+0 | 2.82+002 | 282+0
MSB 109963 2.88+0 288+0 | 2.62+0.01 | 2.660.01
MSB 109964 302+0 | 294+001 | 275+0.02 | 2.74+0.01
MSB 109998 | 3.28+001 | 319+0 | 3.07+001 | 3.11+001
MSB 109999 286+0 | 2.89+001 | 288+001 | 2.85+0
MSB 121289 304+0 | 301+001 | 292+001 | 2.87+0
MSB 121308 323+0 | 3.17+003 | 3.15+0.01 | 3.15+0.01
MSB 121332 | 3.05+001 | 303+0 | 292+001 | 292+0
MSB 121401 | 321+0.01 | 311+0.02 | 3.05+0.01 | 3.08+0.02

110




Table 2. Tukey Honest Significant Differences on ANOVA of mass (p<0.001,
df=14/381), 8'3C (p<0.001, df=14/270), and 3*°N (p<0.001, df=14/270) across all

time interval. Significant p-values are bolded.

Mass (g) S13C (%o) SN (%)
Upper Lower
Mid-age | Mid-age | Diff. | p-value | Diff. | p-value | Diff. | p-value
(cal BP) | (cal BP)

2280 730 115 1.000 -1.4 0.977 -0.4 1.000
4260 730 33.8 0.591 -0.1 1.000 -0.1 1.000
5740 730 30.2 0.877 0.1 1.000 -0.4 1.000
6230 730 29.6 0.938 0.2 1.000 0.0 1.000
6560 730 19.6 1.000 -0.8 1.000 -0.7 0.995
7220 730 16.7 0.999 0.6 1.000 0.1 1.000
8050 730 32.6 0.877 0.3 1.000 0.5 1.000
8700 730 36.6 0.672 0.0 1.000 0.3 1.000
9200 730 58.9 0.117 -0.5 1.000 0.6 1.000
9690 730 52.5 0.119 0.0 1.000 0.2 1.000
10520 730 33.2 0.743 -1.5 0.874 0.0 1.000
11830 730 40.6 0.316 -1.3 0.973 0.2 1.000
14230 730 42.2 0.245 -1.1 0.994 -0.9 0.884
19100 730 59.7 0.025 -1.7 0.985 -1.7 0.533
4260 2280 22.3 0.517 1.3 0.855 0.3 1.000
5740 2280 18.7 0.959 1.5 0.857 0.0 1.000
6230 2280 18.1 0.991 1.7 0.937 0.4 1.000
6560 2280 8.1 1.000 0.7 1.000 -0.3 1.000
7220 2280 5.1 1.000 2.1 0.238 0.5 0.999
8050 2280 21.0 0.965 1.7 0.738 0.9 0.845
8700 2280 25.1 0.767 1.4 0.898 0.7 0.986
9200 2280 47.3 0.108 0.9 1.000 1.0 0.934
9690 2280 41.0 0.072 1.4 0.917 0.6 0.988
10520 2280 21.7 0.825 -0.1 1.000 0.4 1.000
11830 2280 29.1 0.185 0.1 1.000 0.6 0.989
14230 2280 30.7 0.110 0.4 1.000 -0.5 0.999
19100 2280 48.2 0.005 -0.3 1.000 -1.3 0.852
5740 4260 -3.6 1.000 0.2 1.000 -0.2 1.000
6230 4260 -4.2 1.000 0.3 1.000 0.2 1.000
6560 4260 -14.2 1.000 -0.7 1.000 -0.6 0.990
7220 4260 -17.2 0.860 0.7 0.975 0.2 1.000
8050 4260 -1.2 1.000 0.3 1.000 0.6 0.873
8700 4260 2.8 1.000 0.1 1.000 0.4 0.998
9200 4260 25.1 0.907 -0.5 1.000 0.7 0.976
9690 4260 18.7 0.945 0.1 1.000 0.4 0.998
10520 4260 -0.6 1.000 -1.4 0.241 0.1 1.000
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Mass (g) S13C (%o) SN (%)
Upper Lower
Mid-age | Mid-age | Diff. | p-value | Diff. | p-value | Diff. | p-value
(cal BP) | (cal BP)

11830 4260 6.8 1.000 -1.2 0.748 0.4 0.999
14230 4260 8.4 1.000 -1.0 0.854 -0.7 0.464
19100 4260 25.9 0.500 -1.6 0.959 -1.5 0.391
6230 5740 -0.6 1.000 0.2 1.000 0.4 1.000
6560 5740 -10.6 1.000 -0.9 1.000 -0.4 1.000
7220 5740 -13.6 | 0.998 0.5 1.000 0.5 0.995
8050 5740 2.3 1.000 0.2 1.000 0.9 0.697
8700 5740 6.4 1.000 -0.1 1.000 0.7 0.963
9200 5740 28.6 0.894 -0.6 1.000 1.0 0.890
9690 5740 22.3 0.943 -0.1 1.000 0.6 0.965
10520 5740 3.0 1.000 -1.6 0.416 0.4 1.000
11830 5740 10.4 1.000 -1.4 0.792 0.6 0.971
14230 5740 12.0 0.999 -1.1 0.896 -0.5 0.993
19100 5740 29.5 0.599 -1.8 0.943 -1.3 0.782
6560 6230 -10.0 1.000 -1.0 1.000 -0.8 0.992
7220 6230 -13.0 1.000 0.4 1.000 0.0 1.000
8050 6230 2.9 1.000 0.0 1.000 0.4 1.000
8700 6230 7.0 1.000 -0.2 1.000 0.2 1.000
9200 6230 29.2 0.931 -0.8 1.000 0.5 1.000
9690 6230 22.9 0.971 -0.3 1.000 0.2 1.000
10520 6230 3.6 1.000 -1.8 0.766 -0.1 1.000
11830 6230 11.0 1.000 -1.6 0.925 0.2 1.000
14230 6230 12.6 1.000 -1.3 0.974 -0.9 0.877
19100 6230 30.1 0.747 -2.0 0.960 -1.7 0.521
7220 6560 -2.9 1.000 1.4 0.897 0.8 0.906
8050 6560 13.0 1.000 1.0 0.997 1.2 0.444
8700 6560 17.0 1.000 0.8 1.000 1.0 0.788
9200 6560 39.3 0.784 0.2 1.000 1.3 0.665
9690 6560 32.9 0.861 0.7 1.000 1.0 0.792
10520 6560 13.6 1.000 -0.8 1.000 0.7 0.964
11830 6560 21.0 0.992 -0.6 1.000 1.0 0.807
14230 6560 22.6 0.983 -0.3 1.000 -0.1 1.000
19100 6560 40.1 0.556 -0.9 1.000 -0.9 0.991
8050 7220 15.9 0.997 -0.4 1.000 0.4 0.998
8700 7220 20.0 0.946 -0.6 1.000 0.2 1.000
9200 7220 42.2 0.237 -1.2 0.988 0.5 0.999
9690 7220 35.8 0.196 -0.7 0.999 0.2 1.000
10520 7220 16.5 0.974 -2.2 0.007 -0.1 1.000
11830 7220 23.9 0.473 -2.0 0.114 0.2 1.000
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Mass (g) S13C (%o) SN (%)
Upper Lower
Mid-age | Mid-age | Diff. | p-value | Diff. | p-value | Diff. | p-value
(cal BP) | (cal BP)

14230 7220 25.6 0.333 -1.7 0.123 -0.9 0.175
19100 7220 43.1 0.022 -2.3 0.614 -1.7 0.214
8700 8050 4.1 1.000 -0.2 1.000 -0.2 1.000
9200 8050 26.3 0.971 -0.8 1.000 0.1 1.000
9690 8050 19.9 0.992 -0.3 1.000 -0.2 1.000
10520 8050 0.6 1.000 -1.8 0.255 -0.5 0.988
11830 8050 8.0 1.000 -1.6 0.637 -0.2 1.000
14230 8050 9.7 1.000 -1.3 0.761 -1.4 0.021
19100 8050 27.2 0.863 -2.0 0.892 -2.2 0.051
9200 8700 22.2 0.989 -0.6 1.000 0.3 1.000
9690 8700 15.9 0.998 -0.1 1.000 0.0 1.000
10520 8700 -3.4 1.000 -1.5 0.514 -0.3 1.000
11830 8700 4.0 1.000 -1.4 0.852 0.0 1.000
14230 8700 5.6 1.000 -1.1 0.937 -1.1 0.153
19100 8700 23.1 0.923 -1.7 0.959 -1.9 0.147
9690 9200 -6.4 1.000 0.5 1.000 -0.3 1.000
10520 9200 -25.7 | 0.941 -1.0 0.998 -0.6 0.998
11830 9200 -18.3 | 0.995 -0.8 1.000 -0.3 1.000
14230 9200 -16.6 | 0.998 -0.5 1.000 -1.5 0.208
19100 9200 0.9 1.000 -1.2 1.000 -2.2 0.116
10520 9690 -19.3 | 0.975 -1.5 0.550 -0.3 1.000
11830 9690 -11.9 1.000 -1.3 0.877 0.0 1.000
14230 9690 -10.3 1.000 -1.0 0.953 -1.1 0.147
19100 9690 7.2 1.000 -1.7 0.967 -1.9 0.148
11830 10520 7.4 1.000 0.2 1.000 0.3 1.000
14230 10520 9.0 1.000 0.5 1.000 -0.9 0.359
19100 10520 26.5 0.697 -0.2 1.000 -1.7 0.301
14230 11830 1.6 1.000 0.3 1.000 -1.1 0.170
19100 11830 19.1 0.932 -0.4 1.000 -1.9 0.157
19100 14230 17.5 0.963 -0.7 1.000 -0.8 0.994
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Table 3. Tukey Honest Significant

Differences on ANOVA §'3C (p<0.05,
df=3/106) across aggregate mass groups.

Mass Mass .
Group1 | Group?2 B | e
180-225g | <180g 13 | 0072
225-2809g <180g 0.8 0.420
>280g <180g -0.6 0.884
225-280g | 180-225¢g -0.4 0.814
>280g 180-225g -1.9 0.076
>280g 225-2809g -1.4 0.267
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