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Abstract

The availability and quality of food resources can alter the intensity of

competition and predation pressure within communities. Understanding

species capacity to respond to global change-driven shifts in resource distribu-

tion is therefore crucial for biodiversity conservation. Small mammal communi-

ties are often structured by competition for food resources, but understanding

and monitoring these processes are currently hindered by lack of functional

dietary trait information in these hard-to-sample systems. In this study, we

collected a comprehensive suite of gastrointestinal (GI) measurements from

26 small mammal species (including some never reported), compared them with

more traditional craniodental traits in predicting dietary guild, and used them

in a novel way to understand how diet structures 22 small mammal communi-

ties across the Appalachian Mountains of eastern North America. As predicted,

we found GI traits to be effective dietary trait proxies; they were equally or more

accurate than craniodental proportions in predicting the dietary guild of individ-

ual species. Furthermore, at the community level, we found that both the mean

and functional dispersion of GI length were positively correlated with latitude

and measures of temperature seasonality. Our results indicate that small mam-

mal communities in more seasonal environments are filtered to include species

with longer GI tracts (on average) as well as those that can partition food

resources more finely, as expected based on the lower productivity of these

regions. Conversely, communities in less seasonal environments display func-

tional redundancy from the addition of species with short to intermediate GI

lengths. Proportions of the GI tract represent novel dietary traits that can illumi-

nate community assembly processes across regional environmental gradients

and in the face of changing timing and availability of resources.
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INTRODUCTION

The quest for energy shapes many communities, and
understanding how global changes are altering distribu-
tion of food resources is critical for biodiversity conserva-
tion. For example, the average temperature of the globe
has increased by roughly 1.1!C over the past 125 years
and is expected to continue to increase (IPCC, 2023).
Coupled with an insect apocalypse (Goulson, 2019),
accelerated drought and desertification in some regions
(Han et al., 2021), defaunation (Dirzo et al., 2014;
Galetti et al., 2015), and phenological shifts of plant or
animal prey species (Damien & Tougeron, 2019),
populations may be increasingly susceptible to altered
food availability and increased competition, which can lead
to local extirpation of species (Lancaster et al., 2016).
Simultaneously, habitat loss and fragmentation (e.g., Malhi
et al., 2008) constantly alter the spatial and ecological
contexts within which individuals must acquire energy,
grow, and reproduce (Crooks et al., 2017). Understanding
how these changes impact community structure requires
phenotypic proxies that are informative about the ways in
which individual species maintain energy balance and
maximize fitness within explicit environmental and com-
munity contexts.

Terrestrial small mammal communities are often
structured by competition for food resources; accordingly,
many species possess morphological, physiological, or
behavioral traits that facilitate partitioning of these
resources. Herbivorous small mammals existing in
syntopy commonly partition niches by using different
types of habitats and feeding on different plant species or
on different parts of the same plant species (Bodmer, 1991).
In North American deserts, where small mammal diversity
and community composition is biased toward granivores
(Brown, 1973; Brown et al., 1979; Kelt et al., 1996), species
diversity is closely correlated with annual precipitation,
which can be used to predict seed abundance (Brown, 1973).
Even within these communities, however, coexistence
is mediated by variation in morphological or behavioral
traits that facilitate feeding on seeds of different sizes or
foraging in separate areas (Jezkova et al., 2011).

Identifying traits that are not only informative about
species and community ecology but also sensitive to global
change drivers is a major goal in biodiversity science and
conservation (Schmeller et al., 2017). Yet, despite the clear
influence of dietary niche partitioning in structuring and
maintaining small mammal communities, few functional
phenotypic proxies exist for the important axis of dietary
diversity. This is partly because small mammals can be
secretive and difficult to monitor with respect to diet and
foraging behavior. Another factor is that small mammal
species often exhibit varying degrees of opportunism in

their diets, which might change seasonally and across
geographic scales (Samuels, 2009; Sassi et al., 2011). Thus,
to date, many studies have relied acutely on qualitative
assessments (e.g., diet guilds) or, less commonly, quantita-
tive and continuous measurements of the feeding appara-
tus (e.g., cranial proportions, measurements of the dental
battery) gathered from skeletons. These approaches are
potentially problematic, for two reasons.

First, qualitative designations such as dietary guild
(e.g., carnivore, omnivore, granivore) are coarse, effec-
tively truncating our view of the continuous variation in
diet that is often present among mammalian species.
These designations are also typically compiled at the
species level, making them non-representative of the
substantial geographic, temporal, or functional diversity
that might exist within species, especially those that are
geographically widespread. Both shortcomings (coarseness
among, as well as within, species) make it difficult to parse
the influence of diet on community structure and global
change response in local ecological contexts, where it is
often needed most.

Second, although quantitative craniodental measure-
ments are a common proxy for food procurement and
processing ability in mammals (Ungar, 2015), and are
straightforward to obtain from museum specimens, they
rarely are perfectly representative of diet. Prior studies
show that craniodental measurements applied to small
mammals at large taxonomic scales correctly assign
most species to dietary guild (Samuels, 2009; Verde
Arregoitia & D’Elía, 2021), but that dietary misclassi-
fication may result when applied to local or regional
faunas (Kohli & Rowe, 2019; this study). One cause is
that mammals may process different food items with sim-
ilar cranial and dental architecture, especially omnivores,
which make a living by their ability to acquire and pro-
cess resources opportunistically. For example, in small
mammals of the Great Basin, USA, craniodental propor-
tions were shown to predict diet with only 75% accuracy
(32 species total; Kohli & Rowe, 2019). Alternatively, mam-
mals using similar food items may display craniodental dif-
ferences unreflective of diet. A study on African grazers
found that although craniodental anatomy differed sig-
nificantly among species, stable carbon isotope composi-
tions within grazers were not significantly correlated
with craniodental anatomy (Codron et al., 2008). This
indicated that although obligate grazers and facultative
browsers do have measurable craniodental differences,
these were not functionally reflective of the large variation
in their diets. Ultimately, craniodental anatomy reflects
the long-term history of a lineage; it may or may not
match with what individuals do throughout the course of
their life (Davis & Pineda-Munoz, 2016), and it may be
functionally constrained and thus unlikely to evolve on

2 of 16 CHAPMAN and MCLEAN

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4454, W

iley O
nline Library on [26/10/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://esajournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fecy.4454&mode=


ecological timescales in response to changing food type
availability.

Given its intimate relationship to diet, maintenance
of energetic balance, and overall health, the gastroin-
testinal (hereafter, GI) tract has the potential to be
used as a high-resolution, continuous dietary trait
(Chivers & Langer, 2002; Naya et al., 2008). It is well
known that mammalian carnivores possess relatively
unspecialized GI tracts, a result of their high-quality
diets, while GI tracts of herbivores are complex and
often contain special structures or chambers that aid
in processing high-fiber diets. These differences exist
regardless of body size; even among small mammals,
GI morphology varies among dietary guilds, with
small herbivores (e.g., voles, lemmings, lagomorphs)
having longer and more complex GI tracts than small
omnivores and granivores (e.g., mice, rats, squirrels;
Schieck & Millar, 1985), including relatively larger
large intestines and ceca which aid in breaking
down fibrous plant material (Schieck & Millar, 1985;
Wang et al., 2003). Unfortunately, GI morphology
is incompletely characterized across the mammal
Tree of Life (Duque-Correa et al., 2021), and measure-
ments are difficult to obtain from museum specimens
since a majority are stored as skins and skeletons
(Greiman et al., 2018; Quay, 1974) and because fixa-
tives cause tissue shrinkage in fluid-preserved speci-
mens (Kingston, 2018).

The purpose of this work was to understand
how diet mediates community assembly processes in
small mammal faunas of the Appalachian Mountains
ecoregion of eastern North America and to test
whether GI morphology is a useful proxy for this pur-
pose. Specifically, we sought to (1) quantify gastroin-
testinal and craniodental morphology in the regional
species pool, including some species lacking published
GI measurements; (2) assess the extent to which these
two trait types predict dietary guild; and (3) evaluate
dietary functional structure of small mammal commu-
nities across a latitudinal and seasonality gradient that
mediates annual food availability. We predicted that GI
traits would contain greater dietary signal than tradi-
tional craniodental measurements. We also predicted
that functional diversity of community-wide GI traits
would vary in response to environment, with higher
functional diversity found in more seasonal environ-
ments (i.e., those characterized by lower total produc-
tivity and shorter growing seasons). More broadly, we
seek to reveal the importance of both trait types in
maintaining small mammal communities and increase
scientific capacity for tracking response to environ-
mental change (including climate change and habitat
fragmentation) in the future.

MATERIALS AND METHODS

Community and trait datasets

The Appalachian Mountains cordillera spans 13 US states
(Table 1; Appendix S1: Figure S1) and is an area of ele-
vated mammalian species diversity relative to surround-
ing lowlands (Antonelli et al., 2018; Badgley et al., 2017;
Hall, 1981). Specifically, Appalachian faunas include
a mixture of species characteristic of both higher
(i.e., boreal) and lower (eastern temperate forest) lati-
tudes, making it an ideal place to examine community
assemblage. We compiled community datasets by
conducting a literature search for small mammal census
efforts from our study region, defined broadly. We also
used small mammal trapping data generated by the
National Ecological Observatory Network (NEON;
7 sites), which we formatted into community matrices.
Our spatial thresholds were broad to ensure sampling
across a large environmental and elevational gradient,
including three sites in Indiana (our furthest from the
main Appalachian cordillera). Our methodological thresh-
olds were that sampling effort included (1) a minimum of
2000 trap nights, with a minimum of two separate types of
traps used; or (2) a minimum of 10,000 trap nights if a single
trap type was used. These thresholds were chosen to ensure
that the entire small mammal community was reasonably
sampled, as different mammal species are best sampled with
different trap types (box traps, pitfall traps, etc.). For two
sites (Coweeta and Powdermill Long Term Ecological
Research sites), numbers of trap nights were not available,
but Coweeta includes a species list dating back to 1758
and regular trapping at Powdermill ran for 20 years
(1979–1999), allowing us to be confident that these partic-
ular communities were well-sampled.

For every community dataset, a comprehensive
species list of every small mammal (defined as body mass
less than 300 g) was compiled (Table 1; Appendix S1:
Table S1). Abundances were also recorded if available.
NEON data were obtained by downloading latest-release
small mammal trapping data from the NEON data portal
(https://www.neonscience.org/data) for all sites falling
within our focal region. We used custom R scripts to
parse NEON trapping records, harvest information on
captures, identify unique individuals (from ear tag IDs),
and write records to a community matrix based on either
(1) total captures or (2) total individuals. Scripts for
harvesting NEON small mammal community data are
available on Zenodo: https://doi.org/10.5281/zenodo.
13837769.

We compiled GI trait data for the entire species pool
by measuring a substantial number of GI tracts, includ-
ing some species never before measured or published. All
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GI tracts were processed by OSC following the methods
outlined in Chapman and McLean (2023). For species
without a cecum (i.e., shrews and moles), we separated
tracts into two sections for measurement; stomach and
intestine (the latter not differentiating between small
and large intestines). The GI tracts were from specimens
captured during our own field work or donated by
museums and other scientists at the State University of
New York College of Environmental Science and Forestry,
the Virginia Museum of Natural History, and Miami
University (OH). We also obtained a large number of GI
tracts from the NEON Biorepository (https://biorepo.
neonscience.org/portal/, 2023; Thibault et al., 2023; Yule
et al., 2020). Any mammals that we captured and
processed for this work were trapped and handled follow-
ing guidelines of the American Society of Mammalogists
(Sikes et al., 2016) and an active Institutional Animal Care
and Use Protocol at University of North Carolina
Greensboro. Dried small intestines for each individual
were archived post-processing with voucher specimens in
the UNCG Mammal Collection (McLean, 2023).

For each species in our dataset, we calculated mean
length, wet mass, and dry mass of each GI section, as

well as totals across all sections (Appendix S2:
Table S1). All measurements of individual sections, as
well as the total GI tract, were scaled by the head–body
length of each individual. For length measurements,
raw values were divided by the head–body length of an
individual (total length minus tail length). For mass
measurements, the cubic root of the raw values was
divided by the head–body length of an individual.
Finally, we calculated the ratio of the large intestine
(LI) to the small intestine (SI) (LI:SI) for each species
(after removing species lacking a cecum) as a relative
metric of degree of herbivory, since total GI length may
be a poorer predictor of diet than some constituent sec-
tions, especially the small and large intestines
(Schieck & Millar, 1985).

For species for which we could not obtain GI tracts,
we imputed total GI tract length (our most-used metric)
using PhyloPars (Bruggeman et al., 2009), considering
both phylogeny and body size. We did this by first prun-
ing a phylogeny of all mammals (Upham et al., 2019) to
those in our species pool. We then created a feature
matrix of all of species with available total GI tract
lengths and their mean head–body lengths, allowing us

TAB L E 1 Metadata for the 22 small mammal sampling sites included in our study, arranged by decreasing latitude.

Site code State (all United States) Latitude NPP Reference

HOLT Maine 44.1540 1.14 Wood et al. (2016)

BART New Hampshire 44.0639 0.72 NEON (2022)

LTER1 New York 44.0618 0.65 Demers (2018)

HARV Massachusetts 42.5369 0.71 NEON (2022)

LTER3 Pennsylvania 40.1707 0.91 Merritt (2019)

PENN1 Pennsylvania 39.9965 0.64 Stewart et al. (2008)

IN1 Indiana 39.2558 0.84 Kellner et al. (2013)

IN2 Indiana 39.2558 0.84 Nelson et al. (2019)

BLAN Virginia 39.0337 0.75 NEON (2022)

SCBI Virginia 38.8929 0.81 NEON (2022)

IN3 Indiana 38.8667 0.62 Urban and Swihart (2011)

WV2 West Virginia 38.7016 1.03 Kaminski et al. (2007)

WV1 West Virginia 38.6406 0.92 Francl et al. (2004)

VIRG3 Virginia 38.25 0.96 McShea et al. (2003)

VIRG1 Virginia 37.8086 0.94 Mitchell et al. (1997)

MLBS Virginia 37.3783 0.78 NEON (2022)

VIRG2 Virginia 37.3371 0.9 Francl and Small (2013)

ORNL Tennessee 35.9641 1.02 NEON (2022)

GRSM Tennessee 35.6890 0.76 NEON (2022)

NC1 North Carolina 35.1855 1.15 Ford et al. (1999)

NC2 North Carolina 35.1855 1.15 Ford (2000)

LTER2 North Carolina 35.0516 0.8 Coweeta LTER (2016)

Abbreviation: NPP, net primary productivity.
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to model the strong evolutionary allometry in GI length
(e.g., Duque-Correa et al., 2021). Species average head–-
body lengths were those measured by us (specimens we
had GI tracts from) or reported previously in the
PanTHERIA database (Jones et al., 2009). PanTHERIA
did not contain the head–body length for the Allegheny
woodrat (Neotoma magister), so we averaged the female
and male head–body lengths listed in Castleberry et al.
(2006). Imputed total GI lengths were scaled by the
head–body length from the feature matrix, as we did
previously.

Last, we developed a comparable craniodental
morphological dataset by measuring skulls of five adults
for each species in our dataset (with the exception of
Glaucomys sabrinus, for which we only had access to two
adult specimens). We did not measure any skulls for
Oryzomys palustris (rice rat) or Peromyscus gossypinus
(cotton mouse), two species that were rare in our dataset
and only found in two southern communities. For each
skull, electronic calipers (Mitutoyo, Kanagawa, Japan)
accurate to a hundredth of a millimeter were used to take
eight individual measurements of the skull and dental
battery under a dissecting scope. These were the same
measurements shown by Kohli and Rowe (2019) to predict
diet. Craniodental measurements were taken on speci-
mens of the North Carolina Museum of Natural Sciences
(NCMS) and the University of Michigan Museum of
Zoology (UMMZ).

Comparing trait functional signals

Each species was assigned to dietary guild as in the
MammalDIET dataset (Kissling et al., 2014), with one
exception. That dataset classified Sorex longirostris as an
omnivore, but we reclassified it here as a carnivore based
on dietary analyses of French (1980). Diets of some species
in our dataset were re-estimated in the MammalDIET2
dataset (Gainsbury et al., 2018), but were identical to those
we used from Kissling et al. (2014). A priori dietary classi-
fications of each species can be found in Appendix S2:
Table S2. To test predictive accuracy of guild classification
based on our traits, we used linear discriminant analysis
(LDA) with jackknife cross validation in R v4.0.2.
Inputs were the scaled GI measurements and the raw
craniodental measurements. As an additional test of
how well the dietary guilds were discriminated by GI traits,
we ran a multivariate analysis of variance (MANOVA) for
all 26 species we obtained GI tracts for; we did this only for
the novel GI measurements and not for subsequent
craniodental or combined LDAs.

For craniodental traits, we ran an LDA for all
32 species with available measurements. For GI traits,

we performed a series of LDAs since not all species
possess all traits (i.e., of ceca). First, we analyzed all
26 species with GI measurements based on nine GI
traits (length, wet mass, and dry mass of the stomach,
cecum, and intestine). For species lacking a cecum
(e.g., shrews and moles), we did not differentiate between
the small and large intestine. For rodents, we included the
small intestine and large intestine into the intestine trait.
For those species lacking a cecum, the length, empty mass,
and dry mass of the cecum were set as zero. We also ran a
separate LDA on the eight craniodental traits of these
same 26 species, in order to directly compare the accuracy
of the different trait types on the same species set.

Next, since not all GI traits exist for all species, we
ran subsequent LDAs with fewer species but based on all
GI traits. To do this, we dropped all of the carnivores
(as well as a mole classified as an omnivore and which
lacks a cecum) from the LDA and analyzed the remaining
18 species with a full matrix of 12 GI traits (length, wet
mass, dry mass of stomach, cecum, small intestine, large
intestine). Again, for direct comparison with craniodental
traits, we also ran an LDA on the eight craniodental traits
of these same 18 species.

Finally, in order to assess the predictive power of both
trait types combined, we ran an LDA on all craniodental
(N = 8) traits and GI (N = 9) traits of the 26 species we
obtained GI data for. For all LDAs enumerated above,
the prior probability of guild membership was based on
group sizes.

Functional dietary diversity of Appalachian
small mammals

From small mammal community datasets, we created
presence–absence matrices as well as abundance-weighted
matrices (if available), the latter reflecting proportional
representation of species in each community. For two
NEON sites (Bartlett Experimental Forest [BART] and
Harvard Forest [HARV]), a small number of Peromyscus
individuals were of unknown identity and listed as
“Peromyscus leucopus/maniculatus.” To best utilize these
records, we assigned them to one of the two species
according to proportions of positively identified
P. leucopus and P. maniculatus at each site. This
allowed us to retain abundance information without
altering the proportional representation of species.

To obtain paired environmental data for each commu-
nity, we obtained geocoordinates for all sites and
downloaded standard bioclimatic variables in raster format
from the WorldClim 2.1 database (Fick & Hijmans, 2017) at
a five arc-minute spatial resolution. We loaded the rasters
into QGIS 3.10 to extract the annual mean temperature
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(MAT), temperature seasonality (SD × 100) (TS), annual
precipitation (AP), and precipitation seasonality (CV) (PS)
values for each community. We also used the web app
“AppEEARS” (https://appeears.earthdatacloud.nasa.gov/)
to download net primary productivity (NPP) at each of our
sites during the year of 2021. Our full environmental
dataset thus consisted of five environmental variables.

In order to visualize differences in small mammal
community composition across sites, we performed non-
metric multi-dimensional scaling (NMDS). Prior to analy-
sis, we dropped species that made up less than 0.1% of
the total number of individuals at each site (for sites
where abundances were available) to avoid bias from
species that are exceedingly rare within communities.
To visualize potential latitudinal differences among
communities, we colored sites in community space
according to three approximately equally sized latitudi-
nal bins; high (44.16–41.12!), medium (41.12–38.08!),
or low (38.08–35.04!). We also visualized taxonomic
turnover among the sites by classifying species in the
NMDS to six taxonomic clades: shrews, moles, squir-
rels, voles, mice and rats, and lemmings.

Our community metrics for GI traits were mean GI
tract length (again, scaled by body size) and functional
diversity of GI length. We used the “weighted.mean”
function in the “base” package of R to calculate
community-weighted means and the “fd_fdis” function in
the “fundiversity” package (Laliberté & Legendre, 2010) to
calculate functional dispersion (FDis). Functional disper-
sion is an index of functional diversity defined as the
mean distance of all species to the community centroid in
trait space, and it can be calculated for presence–absence
data as well as data including relative abundances
(Laliberté & Legendre, 2010; Valdivia et al., 2017).
This is preferable to the metric of functional diver-
gence in our case, as the former can also accommo-
date datasets with more traits than species, the inclusion
of quantitative and qualitative traits, and the inclusion of
missing data (Laliberté & Legendre, 2010). As a test
of whether more seasonal environments filter for species
with longer GI tracts on average, we ran regressions of
both community means and community-weighted means
for scaled GI tract length against the environmental vari-
ables described above. Community means were based on
the presence–absence data, so all 22 sites were included
in regressions. The regressions with community-weighted
means were based on only 15 sites with species abun-
dance data. We ran multiple linear regressions in each
case, with MAT, TS, AP, PS, and NPP as predictors and
using the “stepAIC” function in the “MASS” package
(Venables & Ripley, 2002) to determine the top-ranked
model, after ensuring none of the environmental variables
were correlated (p < 0.70 for all pairwise correlations).

As a test of whether these same environmental
and seasonality gradients represent filters for functional
diversity in small mammal communities, we calculated
the functional dispersion of all 22 (based on presence
absence data) or 15 (those with abundances) communi-
ties and ran multiple linear regressions of functional dis-
persion against the same five environmental variables
(MAT, TS, AP, PS, and NPP), employing stepwise model
selection identically as above. We also ran a separate
regression of community mean and community-weighted
mean GI functional dispersion against latitude for visual-
ization purposes.

Similar to tests based on GI traits, our community
metrics for craniodental morphology were community
mean and functional dispersion of the suite of eight skull
measurements, which we summarized and transformed
using standard principal components analysis (PCA).
Methods, results, and discussion of those analyses can be
found in Appendix S3: Section S1. As with GI traits, we
performed environmental regressions and AIC-based model
selection using community means and functional dispersion
of PCA-transformed craniodental morphology data.

Results from the community-weighted mean GI length
and functional dispersion regressions are discussed in
Appendix S2: Section S1. Model outputs for all regressions
discussed above are available in Appendix S4.

RESULTS

Dietary classification using functional
traits

We examined a total of 22 small mammal community
datasets across eastern North America (Appendix S1:
Figure S1, Table 1) spanning 10 different states which
also met our spatial and methodological thresholds.
There were a total of 34 small mammal species
detected across all communities. Community richness
ranged from six to 29 species per site, with a mean of
12.2 and a CV of 36.9%.

Considering GI traits, although we observed strong
allometry in GI length, there was not strong discrimina-
tion among the three dietary guilds considered here in
terms of the relative GI tract length (Appendix S2:
Figures S1 and S2A). However, when examining the
LI:SI ratio in only those species possessing a cecum, we
found stronger guild-specific patterns that confirm that
herbivores tend to have longer large intestines relative
to small intestines than omnivores and carnivores
(Appendix S2: Figure S2B).

Out of 34 small mammal species in the regional
pool, we were able to obtain GI tracts and
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measurements for 26 (76.47%; Appendix S2: Table S1).
The number of GI tracts we measured per species
ranged from one (for two species; Cryptotis parva and
Scalopus aquaticus) to 102 (P. maniculatus), with a
median of five GI tracts per species. For species with a
cecum, we obtained 12 individual GI traits (length, wet
mass, dry mass of sections), while we obtained six GI
traits for species lacking a cecum (length, wet mass, dry
mass of two sections). For the remaining eight species
for which no GI measurements are available, we
imputed the total GI tract length.

Our craniodental LDA of all 32 species for which we
obtained skull measurements was 68.75% accurate at
predicting the dietary guild of a species (Table 2). The
carnivores were most accurately classified (81.82%),
followed by the herbivores (66.67%) and omnivores
(58.33%). Our GI LDA of all of the species we obtained
GI measurements from was slightly more accurate
(73.08%) at predicting dietary guilds (Figure 1, Table 2).
The carnivores were most accurately classified (85.71%),

followed by omnivores (75%) and herbivores (57.14%;
Table 2).

A MANOVA conducted on these GI LDA scores was
also statistically significant (Wilks λ = 0.050, approxi-
mate F = 38.331, p < 0.001). However, when we limited
our craniodental LDA to the same 26 species contained
in the GI analysis, it was 69.23% accurate at predicting
the dietary guilds (Figure 1); classification accuracies
were 71.43% for carnivores, 42.86% for herbivores, and
83.33% for omnivores (Table 2).

Two further classification analyses allowed us to com-
pare GI and craniodental trait efficacy separately as well
as in combination. First, when we excluded the carnivores
(and one omnivorous mole) due to the lack of a cecum,
we were able to leverage all 12 GI traits (instead of nine).
Our GI LDA of 18 remaining species was 72.22% accurate
at predicting herbivorous or omnivorous diet (71.43%
vs. 72.73%, respectively, for these guilds; Table 2). Our
craniodental LDA of these same 18 species was more accu-
rate (83.33%) at predicting dietary guild (71.43% for

TAB L E 2 Accuracy of dietary guild classifications for each linear discriminant analysis (LDA) based on two different trait types.

LDA input Carnivore Herbivore Omnivore

GI 85.71% (6/7) 57.14% (4/7) 75% (9/12)

CD 71.43% (5/7) 42.86% (3/7) 83.33% (10/12)

GI (no carnivores) … 71.43% (5/7) 72.73% (8/11)

CD (no carnivores) … 71.43% (5/7) 90.91% (10/11)

GI + CD (combined) 85.71% (6/7) 71.43% (5/7) 58.33% (7/12)

Abbreviations: CD, craniodental traits; GI, gastrointestinal traits.

F I GURE 1 Linear discriminant (LD) analysis plots of 26 species for eight craniodental traits (right) and nine gastrointestinal traits
(left). Species are plotted according to their scores on the first two discriminant axes for each analysis.
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herbivores and 90.91% for omnivores; Table 2;
Appendix S2: Figure S3). Second, our joint craniodental
and GI LDA (containing 26 species and 17 traits) was
69.23% accurate at predicting dietary guild, similar to the
traits analyzed separately, with carnivores most accurately
classified at 85.71%, followed by herbivores at 71.43% and
omnivores at 58.33% (Table 2).

Taxonomic and functional dietary diversity

The site-level small mammal studies we compiled for this
study were highly dispersed spatially (latitudinal range of
9.09!) within our study region, but there were neverthe-
less some similarities in species composition. Northern
short-tailed shrews (Blarina bravicauda) were present at
every site, and eastern chipmunks (Tamias striatus) were
present in every community but two. In addition, each
community contained either the mice P. maniculatus,
P. leucopus, or both, consistent with the abundance
of these species across eastern North America. There was
no separation of latitudinally binned communities in
NMDS space (Figure 2); however, we did observe
that northern sites contained less diversity than the
mid-latitude or southern sites, indicating there is a core
Appalachian Mountains mammal fauna endemic to
the northern sites that is also constituent, along with
additional low-latitude species, of southern sites. However,
the identities of the low-latitude species present at

southern sites varied by site. One low latitude site had cot-
ton mice (Peromyscus gossypinus), which were not found
at any other site, while another low latitude site had
marsh rice rats (Oryzomys palustris) present, a species that
was also not found at any other site.

We found a positive relationship between community
mean scaled total GI tract length and latitude, showing
generally that sites at higher latitudes are composed of spe-
cies with longer GI tract lengths on average (Figure 3).

The top-ranked regression of community mean scaled
GI tract length against climatic variables included two of
these variables: temperature seasonality and precipitation
seasonality. In this model, GI lengths were significantly
and positively associated with TS, indicating more sea-
sonal sites contain species with longer scaled GI tract
lengths on average (Figure 4). GI length was also signifi-
cantly and negatively associated with PS, indicating sites
that were more seasonal in terms of precipitation had
shorter mean scaled total GI tracts lengths (Figure 4).

As with mean GI lengths, our regression of GI functional
dispersion against latitude showed a significant and positive
relationship, with sites at higher latitudes containing species
with more even distributions of GI tract length than those
at lower latitudes (Figure 3; Appendix S2: Figure S4), the
latter of which sometimes displayed an excess of species
with intermediate-length GI tracts.

The top-ranked regression of community functional
dispersion in GI tract length against climatic variables
included TS and PS, similar to the community mean

F I GURE 2 Nonmetric multidimensional scaling (NMDS) plots of 22 small mammal communities used in this study and their
constituent species. The same ordination is plotted with (A) sites colored by broad latitudinal bin and species unlabeled; (B) species colored
by clade.
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regressions above. The relationship with TS was signifi-
cant and positive (Figure 4), indicating that sites with
higher temperature seasonality had not only longer aver-
age GI tract lengths but also greater functional disper-
sion. The relationship of GI functional dispersion with PS
was significant and negative (Figure 4), indicating sites
with higher precipitation seasonality had lower func-
tional dispersion in GI length (in addition to their shorter
average GI lengths).

Results of craniodental regressions did not correspond
with the above patterns, and most environmental predic-
tors were not statistically significant. We did not compare
the slopes of the GI regressions against the craniodental
PC1 regressions because of the strong correlation with
PC1 and head–body length in this set of traits. None of
the craniodental PC2 regressions against climatic vari-
ables were significant (Appendix S3: Figure S2), again
suggesting that GI traits are more predictive of the struc-
ture of small mammal communities across this particular
environmental gradient.

DISCUSSION

An improved understanding of the functional traits that
ensure species persistence and coexistence is critical for
global conservation efforts (Schmeller et al., 2017). Small
mammal communities are an excellent study system for
identifying how dietary niche partitioning shapes com-
munity structure and, further, how current changes in
the abundance and timing of plant and insect biomass
in ecosystems could alter faunal assemblages. The GI
tract is an organ system tasked with maintaining

energetic balance in support of growth and reproduction,
and its morphology varies with the type and quality of
diet consumed, so simple measurements of the GI tract
have enormous but untapped potential as quantitative
functional traits deployed at the species and community
levels. The purpose of our study was to leverage GI mor-
phology for the first time to understand functional die-
tary structure of small mammal communities and apply
this approach to a biodiverse temperate ecoregion, the
Appalachian Mountains of eastern North America.

Our first aim was to quantify gastrointestinal and
craniodental morphology in the regional species pool. We
report a substantial number of new GI measurements
from eastern North American mammals, including seven
species that have, to our knowledge, never had measure-
ments of the GI tract reported. The three dietary guilds
represented in our species pool were not strongly dis-
criminated in terms of the relative GI tract length, which
is consistent with prior studies (Duque-Correa et al.,
2021; Schieck & Millar, 1985; Appendix S2: Figure S1).
However, stronger patterns emerge when comparing the
ratio of large- to small-intestine lengths, a proxy for rela-
tive degree of herbivory (Chivers & Langer, 2002;
Snipes, 1994; Appendix S2: Figure S2A). Those data show
that a majority of omnivores and the one carnivore had
relatively longer small intestines and shorter large intes-
tines, while a majority of herbivores had relatively
shorter small intestines but longer large intestines.
Schieck and Millar (1985) also found morphology of the
lower digestive tract (cecum and large intestine) to be a
much better predictor of diet than the small intestine
alone or the total GI tract. Outliers in this LI:SI
pattern were Tamiasciurus hudsonicus (red squirrel) and

F I GURE 3 Separate general linear regressions of (A) community mean total gastrointestinal (GI) tract length and (B) functional
dispersion of GI tract length versus latitude for 22 Appalachian small mammal communities.
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P. maniculatus (North American deer mouse); however,
several studies indicate that both species consume seeds,
nuts, fungi, and arthropods (Teron & Hutchison, 2013;
Weigl & Hanson, 1980; Wolff et al., 1985), suggesting
they are omnivorous rather than true herbivores as classi-
fied here. While Rattus norvegicus is classified as a carni-
vore and fits the pattern of carnivores having the lowest
LI:SI ratio, many studies suggest it has an animal domi-
nated omnivorous diet (Guiry & Gaulton, 2016; Major
et al., 2006). Although these dietary guilds are coarse and
may not necessarily reflect the true diet of a species, our
observations of relative GI section lengths and the results
of classification analyses (see below) still suggest there is
dietary signal in GI proportions within our regional spe-
cies pool. Since each GI section has somewhat specialized

function, future work should consider section-specific
metrics as well.

Our second aim was to compare the efficacy of GI
measurements with more traditional craniodental mea-
surements in predicting dietary guild within our regional
context. Craniodental proportions are a gold-standard
functional proxy in mammalian evolutionary biology;
here, we utilized eight craniodental metrics that capture
functional aspects of the mammalian feeding apparatus.
Craniodental proportions of 32 species were reasonably
accurate (68.75%) at predicting whether a species was a
carnivore, omnivore, or herbivore, confirming that these
measurements are moderately effective functional dietary
traits. Notably, we used the same craniodental measure-
ments as Kohli and Rowe (2019), and our dietary

F I GURE 4 Effect plots from the environmental regressions of community gastrointestinal (GI) tract metrics. Top: community mean GI
tract length versus temperature seasonality (left) and precipitation seasonality (right). Bottom: functional dispersion of GI tract length versus
temperature seasonality (left) and precipitation seasonality (right). All regressions are for 22 total communities.
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classification accuracy was similar to theirs, despite the
fact that most species differ between their regional study
system (Great Basin of western United States) and ours.

Considering the GI traits newly assembled for our
study, an LDA of the 26 species we obtained data for was
slightly more accurate (73.08%) than the aforementioned
craniodental data at predicting dietary guild (Figure 1,
Table 2). These results suggest that GI morphology is as
good, if not slightly better, than craniodental data at
predicting species dietary strategy as currently classified
using guilds. Extending such comparisons to additional
mammal faunas will help to further test this finding, and
doing so at regional scales will help refine the usefulness
of both trait sets in community ecology and conservation
studies.

It is notable that the above patterns exist despite
the fact that not all GI sections (specifically, the cecum)
could be included in our classification analyses
(Figure 1). The cecum is a unique digestive structure that
allows herbivores to capture energy from poor quality
diets characterized by high plant content, and it reaches
maximum proportions in predominant herbivores such
as lagomorphs and arvicolines. We therefore predicted
that inclusion of cecum measurements would increase
functional signal in GI data. We explored this by exclud-
ing the carnivores (and one omnivorous mole lacking a
cecum) and performing a functionally reduced LDA of
the remaining 18 species using all 12 GI traits (lengths,
wet masses, and dry masses of four sections including
cecum). However, this LDA was only 72.22% accurate at
guild classification, performing slightly worse than the GI
classifications above and worse than in a functionally
reduced LDA based on craniodental traits for the same
18 species from two guilds (83.33%; Table 2; Appendix S2:
Figure S3).

While all of our classification analyses assumed accu-
rate assignment of species to dietary guild, this is unlikely
the case. Given that GI proportions reported here do corre-
spond with guild-level categorizations (e.g., Appendix S2:
Figure S2), and because of the well-demonstrated correla-
tion of GI morphology with diet across Mammalia, we
suggest that some guild-level classifications are inaccurate
or simply too coarse to fully capture the dietary diver-
sity in wild mammals. We probed this possibility by
performing a combined LDA that contained all GI and
craniodental traits (N = 17 total), which we ran to
determine if we could obtain more accurate classifica-
tions than either trait did alone. Classifications to guild
were 69.23% accurate (Table 2), similar to most
single-trait LDAs, and suggesting that there is an upper limit
on guild classification accuracy regardless of trait set used.
Future ecological research would benefit by a renewed focus
on natural history and diet studies, which could generate

more quantitative diet metrics such as percent fiber
thresholds or percent dietary composition (e.g., from
GI contents or fecal analysis) that GI anatomy could be
cross-linked with.

Our third aim in this study was to evaluate commu-
nity functional structure across a major seasonality gradi-
ent to provide insight into if and how diet mediates
small mammal community assembly in the Appalachian
Mountains ecoregion. At higher latitudes and elevations,
shorter growing seasons and lower annual productivity
(Linderholm, 2006) result in fewer absolute quantities of
resources and a shorter temporal window in which those
resources are available (e.g., productivity metrics in
Table 1). Our prediction was that small mammal commu-
nities in these areas should have a higher proportion of
species with relatively longer GI tracts (possibly driven
by relatively longer large intestines or ceca), aiding in
processing low-quality foods for more of the year. We
also predicted that functional diversity would be higher
in these same environments, as fewer resources drive
increased niche partitioning among species and require
more diverse GI tract morphologies for coexistence.

Both predictions were supported in our analyses.
Considering community mean GI tract length, we found
that this metric was positively correlated with latitude
(Figure 3). Community mean values for scaled GI length
at the highest latitudes are roughly 11% larger than at
the lowest latitudes (model average). Our top-ranked
environmental model similarly revealed that tempera-
ture seasonality (TS) was a significant positive predic-
tor of GI lengths. Conversely, precipitation seasonality
was a significant negative predictor of GI length
(Figure 4).

While it is hard to make a direct comparison of the
craniodental and GI regressions because the top-ranked
regressions contained different predictors (raw vs. ordination
data), craniodental regressions did not follow the same trends
as GI regressions and most predictors were nonsignifi-
cant. Further, most craniodental trends had shallower
slopes versus climatic variables (Figure 4, Appendix S3:
Figures S1 and S2), suggesting minimal predictive capac-
ity. It is especially noteworthy that both craniodental and
GI proportions are related to dietary guild, yet only GI
tract lengths were found to predict community dietary
diversity. Additional work will be required to better
understand the dietary signal in the small mammal
craniodental apparatus within local community contexts,
and future studies should incorporate other craniodental
traits that may reflect diet, such as cheek tooth crown
height (Samuels & Hopkins, 2017; Schap et al., 2021).

Considering community dispersion in GI traits, our
regression of functional dispersion in GI length against
latitude was significant and positive (Figure 3), consistent
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with predictions that lower absolute resource availability
in more seasonal environments requires greater dietary
niche partitioning (Cisneros et al., 2014; Josué et al., 2019).
Environmental regressions likewise showed that both TS
and PS predict functional dispersion, although in opposite
directions (Figure 4). Species from sites that were more
seasonal in terms of temperature were more dispersed in
trait space, while species from sites that were less seasonal
in terms of precipitation were more dispersed in trait
space. In summary, regions of higher temperature season-
ality appear to be a filter for species with short GI lengths,
supporting small mammal communities with longer rela-
tive GI lengths (on average), but the greater diversity in GI
form also supports a role for more intense niche
partitioning at these sites.

We explored functional trends in more detail to
understand what species drive community patterns.
Increases in GI mean length and functional dispersion
with increasing temperature seasonality were attributable
to the addition of a few species with extremely long GI
tracts, as well as loss of species with short- or
intermediate-length GI tracts (Appendix S2: Figure S4).
The herbivorous Glaucomys sabrinus (Northern flying
squirrel) had the longest relative GI tract length (scaled
value of 9.29) of any of species and, with the exception of
site LTER2, was only found in the three highest-latitude
(and highest TS) sites. All four of the highest-latitude sites
(and the four with highest TS) also contained T. hudsonicus
(red squirrel), another species with a long relative GI length
(scaled value 8.39; Appendix S2: Figure S2). Tamiasciurus
hudsonicus was only present in one low latitude site and
one mid-latitude site. Conversely, the insectivorous Sorex
longirostris (southeastern shrew) had the shortest relative
GI length (3.65) and was not present in any of the high
latitude sites, although other shrews are. Two other south-
eastern species—Ochrotomys nuttalli (golden mouse) and
P. gossypinus (cotton mouse)—as well as Sorex palustris
(American water shrew), had GI tracts of intermediate
relative length (4–7; Appendix S2: Figure S2) and were
only found in low latitude communities as well. The
increased species richness characteristic of lower-latitude
sites (Figure 2) is thus accompanied by higher functional
redundancy in GI form, specifically of species with inter-
mediate GI tract lengths, suggesting greater community
convergence in these areas.

Our observations are consistent with evolutionary
explanations for why herbivorous species (and therefore
species with relatively longer GI tracts) may be more
common at higher latitude, more seasonal sites.
Endothermic organisms in colder environments must
generate more heat than ones in warmer environments to
counter higher temperature differentials, and one way
they can do this is by maintaining larger energetically

expensive tissues (i.e., the GI tract; Luna et al., 2017; Naya
et al., 2013). Naya et al. (2013) found that this greater
amount of “obligatory heat” favors increased metabolically
expensive tissues, which leads to a bias of herbivores in
high latitude, highly seasonal sites. Our findings are
consistent with this bias of herbivorous species at higher
latitudes and provides further evidence to support the pro-
posed evolutionary explanation.

While patterns of GI functional diversity in the
Appalachian Mountains are clear despite the heteroge-
neous community data available to us, future studies
would benefit from more comprehensive within-site
sampling that utilizes multiple trap types. For example,
some community datasets that met our criteria for inclu-
sion had thousands of trap nights of effort but only used
Sherman live traps, which are not well-suited for
targeting shrews, moles, and even arboreal squirrels. In
these cases, we judged sites to have reliable species lists
but unreliable abundance data, as some species are
encountered more rarely than their true abundance on
the landscape. Indeed, we saw no correlation between
the number of trap nights or trap types and the number
of species recorded at a site (Appendix S1: Figure S2),
suggesting species lists were not biased by sampling
effort. Still, we were unable to adopt a community--
weighted framework to make inferences about commu-
nity assembly processes given the difficulties in
accurately estimating species abundances, so full inclu-
sion of abundance data in trait-based analyses of mam-
mals is a key next step.

Small mammals can be difficult to monitor in the
wild, placing a premium on functional trait proxies that
can inform about community assembly processes and
guide biodiversity assessments. We showed that GI
and craniodental traits possess similar dietary signal
within the constraints of available dietary guild assign-
ments; nevertheless, measurements of the GI tract have
several unique and desirable characteristics. For example,
it is unlikely that skeletal proportions such as the cra-
nium respond to short term environmental shifts at the
population level in ways that are directly interpretable as
indicative of dietary response. In contrast, the GI tract
is highly plastic and has been shown to respond to
changes in season, reproductive activity, and dietary
quality within individuals and populations (Derting &
Hornung, 2003; Derting & Noakes III, 1995; Naya, 2008;
Schieck & Millar, 1985). In addition, the GI tract has a
central role not just in processing foods, but also in
maintaining energetic balance and individual health.
More work is therefore warranted to collect GI traits from
freshly euthanized specimens and to identify which traits
(i.e., total GI tract, specific sections, or ratios) are most
illuminating with respect to diet. For this goal, we urge
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ecologists to continue to work with museums, the NEON
biorepository, and other researchers to continue expanding
the database of GI traits available, both within and among
species and sites.

In conclusion, GI morphology is an effective continu-
ous trait reflective of dietary ecology and predictive of
dietary functional structure in Appalachian Mountains
small mammal communities. Positive correlations of both
(1) GI mean length and (2) GI functional dispersion with
latitude and/or temperature seasonality supported our
predictions that sets of species coexisting in seasonal
environments should have longer relative GI tracts and
greater variation in GI length. Conversely, while species
in northern assemblages appear to partition dietary
resources more finely, southern sites are characterized by
increased functional redundancy from the addition of
species with short to intermediate GI lengths. Our work
provides substantial new natural history and soft tissue
trait data linked to museum specimens to explore addi-
tional trends in the future. Critical next steps are more
integrative process-based investigations into how GI
morphology mediates individual fitness and species persis-
tence, perhaps via links with gut microbiome composition,
resistance to toxins, or other health-related outcomes.
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