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Animal foraging and competition are defined by the partitioning
of three primary niche axes: space, time, and resources. Human
disturbance is rapidly altering the spatial and temporal niches of
animals, but the impact of humans on resource consumption and
partitioning—arguably the most important niche axis—is poorly
understood. We assessed resource consumption and trophic niche
partitioning as a function of human disturbance at the individual,
population, and community levels using stable isotope analysis of
684 carnivores from seven communities in North America. We de-
tected significant responses to human disturbance at all three lev-
els of biological organization: individual carnivores consumed
more human food subsidies in disturbed landscapes, leading to
significant increases in trophic niche width and trophic niche over-
lap among species ranging from mesocarnivores to apex predators.
Trophic niche partitioning is the primary mechanism regulating
coexistence in many communities, and our results indicate that hu-
mans fundamentally alter resource niches and competitive interac-
tions among terrestrial consumers. Among carnivores, niche overlap
can trigger interspecific competition and intraguild predation, while
the consumption of human foods significantly increases human–
carnivore conflict. Our results suggest that human disturbances, es-
pecially in the form of food subsidies, may threaten carnivores by
increasing the probability of both interspecific competition and
human–carnivore conflict. Ultimately, these findings illustrate a po-
tential decoupling of predator–prey dynamics, with impacts likely
cascading to populations, communities, and ecosystems.
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Ecological theory posits that organisms must limit niche overlap
by partitioning space, time, or resources to coexist (1–3). Niche

partitioning in turn promotes biodiversity and is critical to ecosys-
tem functioning and stability (2, 4). However, human disturbance is
restructuring terrestrial ecosystems with global consequences for
niche dynamics and biotic interactions (5, 6). For example,
expanding human footprints have reduced the available niche
space for mammals in two of the three primary niche dimensions by
restricting animal movements in space (7) and limiting temporal
partitioning through increased wildlife nocturnality (8). Human
disturbance can similarly transform resource niches and prey par-
titioning with widespread consequences for population, community,
and ecosystem dynamics (9–12). The effect of human disturbance
on mammalian resource use and trophic niches, however, has been
largely restricted to single species or local scales, and trophic niche
dynamics across communities remain undetermined (13).
Humans have systematically extirpated apex predators, dis-

rupting trophic interactions, food web dynamics, and ecological
processes across ecosystems (6, 14, 15). Reestablishing trophic
complexity is now a global conservation priority (16–18), and the
restoration of mammalian carnivores to modified landscapes has
been advocated to restore top-down forces and ecosystem func-
tion (14, 18). However, maintaining functional carnivore guilds in
such landscapes is challenging due to shifting resource niches and
novel trophic interactions. For example, human disturbances often
alter resource availability or provide novel food subsidies that can
shift trophic niches (11), restructure predator–prey relationships

(19), and increase interspecific competition or human–carnivore
conflict (10, 13, 20, 21). Shifting trophic niches are likely to have
particularly strong impacts on carnivore communities, given that
trophic niche partitioning is the primary mechanism regulating
competition and interspecific killing (22). Quantifying the influ-
ence of humans on resource partitioning and trophic interactions
is therefore critical to understanding both the ecological and so-
cietal impact of carnivores in the Anthropocene.
We quantified the effect of human disturbance on trophic

interactions and niche partitioning using stable isotope analysis
(δ13C and δ15N) of 684 individuals from seven communities
along a gradient of human disturbance featuring seven sympatric
apex and mesocarnivores (gray wolves [Canis lupis; hereafter,
wolves], coyotes [Canis latrans], bobcats [Lynx rufus], red foxes
[Vulpes vulpes], gray foxes [Urocyon cinereoargenteus], fishers
[Pekania pennanti], and American martens [Martes americana;
hereafter, martens]) (Fig. 1 and SI Appendix, Tables S1 and S2).
Stable isotope baselines vary across broad spatial scales (23), so
we restricted our analysis to sites within the temperate broadleaf
and mixed forest biome of the Great Lakes region in the eastern
United States (24). One of the most altered biomes on the planet
(25), this region is notable for its recovered carnivore com-
munities, high carnivore richness, and broad spectrum of hu-
man disturbance—our sites ranged from protected national parks
to urban and exurban landscapes. Moreover, the region is defined
by C3 primary production, enabling the assessment of human food
consumption by carnivores via δ13C analysis (26, 27). We modeled
trophic structure as a function of human footprint index (28) at
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three biological levels: individuals, populations, and communities.
We used Bayesian hierarchical mixed effects models to quantify
responses in individual consumption of human foods (δ13C, δ15N;
per mille, ‰), trophic niche width per population (SEAc; ‰),
and pairwise trophic niche overlap between species within each
community (O; ‰). Models accounted for covariates known to in-
fluence trophic and isotopic niches, including sample size, spatial
extent, community richness, and body mass. For each response var-
iable, we developed a suite of a priori models (SI Appendix, Tables
S3–S6), identified top models using leave-one-out cross-validation
(29), and interpreted effect sizes to assess the influence of human
disturbance on trophic niches. In addition, we estimated the pro-
portional consumption of human food subsidies by each species as a
function of human disturbance using stable isotope mixing models.
Increasing evidence suggests carnivores are adaptable foragers

that consume human resource subsidies, like refuse or agricul-
tural residuals, as well as novel prey-like domestic animals and
synanthropic wildlife (12, 26, 30). However, the consequences of
this dynamic foraging for biotic interactions like competition and
niche partitioning have been underexplored at the community
level. We predicted that individual carnivores would consume
more human resource subsidies in disturbed ecosystems (i.e.,
δ13C, δ15N values would increase), leading to trophic niche ex-
pansion at the population level. Furthermore, we predicted that
this niche expansion would precipitate increased niche overlap
among competing carnivores in disturbed landscapes.

Results and Discussion
We found a strong and consistent response to human disturbance—
δ13C, δ15N, niche width, and niche overlap all increased with hu-
man footprint (SI Appendix, Tables S1–S5). At the individual level,
δ13C (median β = 0.13; 95% credible interval = 0.02 to 0.24) and
δ15N (β = 0.03, 95% credible interval = –0.02 to 0.08) values in-
creased with human footprint for all sampled carnivores, including
apex predators like wolves (Fig. 2). Similarly, we found that the
proportional consumption of human foods increased with human
footprint, and we estimated that >25% of the average carnivore
diet was composed of human foods in the most disturbed land-
scapes (Fig. 3). These results indicate strong dietary responses to
human disturbance at the individual level and suggest substantial
use of human resource subsidies by an entire guild of carnivores.
Local studies have documented elevated δ13C and δ15N values in
carnivores due to the consumption of human resource subsidies
(11, 12, 26, 27), with wide-ranging consequences. For example,
high use of human food subsidies has been tied to increases in
human–carnivore conflict (13, 21, 31, 32) and disease prevalence
(20, 33), both with consequences for individual survival. Moreover,
consumption of human foods can create ecological traps (32),
alter space use (26), and even increase interspecific killing (11, 13)
and cannibalism (34). Thus, the observed consumption of hu-
man resource subsidies in disturbed landscapes has considerable
potential to alter population and community dynamics, and our
results suggest these consequences extend across a guild of

Fig. 1. Distribution of carnivores from seven sites across gradient of human footprint index (HFI). (A) Seven competing carnivores in the temperate broadleaf
and mixed forest biome ordered by descending body mass and competitive dominance: gray wolves (C. lupis; dark blue), coyotes (C. latrans; violet), bobcats (L.
rufus; yellow), red foxes (V. Vulpes; orange), gray foxes (U. cinereoargenteus; gray), fishers (P. pennanti; light blue), and American martens (M. americana;
green). Images credit (Left to Right): Flickr/Tambako the Jaguar/Renee Grayson and Wikimedia Commons/United States National Park Service/United States
Fish and Wildlife Service. (B) Donut plots with sample size (in the center) and proportion of species sampled per site; red points illustrate mean HFI per site.
(Inset) Map with site locations. (C) Example landscapes from sites with low (HFI = 3.66; Superior National Forest, MN), medium (HFI = 6.05; Chequamegon-
Nicolet National Forest, WI), and high (HFI = 13.20; Albany, NY) human footprints.
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widespread carnivores. Nevertheless, we detected substantial
plasticity among carnivores, as the average magnitude and response
to disturbance varied by species. For instance, bobcats, the only ob-
ligate carnivore, exhibited low δ13C values (δ13CIntercept = −24.80‰,
β = 0.16) (Fig. 2A) and consumed minimal human food subsidies
even in the most disturbed landscapes (Fig. 3D). Conversely,
dietary generalists like red foxes had elevated δ13C values
(δ13CIntercept = −22.72‰, β = 0.10) (Fig. 2A), with an estimated
50% of their diet composed of human foods in highly disturbed
landscapes (Fig. 3E).
SEAc also increased as a function of human footprint (β =

0.93, 95% credible interval = 0.02 to 1.80) for all carnivores, but
average niche width varied by species (Fig. 4 A and B). This
trophic niche expansion indicates a broader incorporation of di-
etary resources by carnivores in human-dominated landscapes,
likely via consumption of human refuse or domestic and synan-
thropic wildlife subsidized by C4 plants (11, 18, 26) (Fig. 3). In-
deed, human population density, a strong proxy for food subsidies
(35), significantly influenced all trophic metrics (SI Appendix,
Table S5), indicating that the observed niche expansion was a
function of human food consumption, not variation in baseline
carbon sources. In addition to human footprint, we detected a
strong relationship between SEAc and carnivore richness (β =
2.10, 95% credible interval = 0.32 to 3.97) but little effect of
sample size (β = −0.09, 95% credible interval = −0.37 to 0.20).
While carnivore richness and competition can structure foraging
(30), richness was strongly correlated with site area, a known
driver of isotopic niche width (23). Consequently, the apparent
influence of carnivore richness is likely conflated with site area and
represents underlying isotopic variability in the landscape. Nev-
ertheless, our top model accounted for these differences and still
detected trophic niche expansion, suggesting strong dietary plas-
ticity and adaptability across this carnivore guild.
Trophic niche overlap between carnivore species increased

significantly with human footprint (β = 0.07, 95% credible in-
terval = 0.01 to 0.13) (Fig. 4 C and D); however, overlap varied
across species in predictable ways. Generalists like red foxes
(β0offset = 0.39) and coyotes (β0offset = 0.33) exhibited high overlap
with competitors, likely due to trophic plasticity and niche ex-
pansion (Fig. 4C). In contrast, obligate carnivores like bobcats—
felids with specialized dentition—exhibited the highest degree of
trophic niche overlap (β0offset = 0.94) (Fig. 4C), presumably due to
limited trophic flexibility (e.g., Fig. 3D). Smaller carnivores like
martens (β0offset = −0.27) and gray foxes (β0offset = −0.69)
exhibited the least niche overlap (Fig. 4C), suggesting these
competitively subordinate species may shift their realized trophic
niches entirely to minimize competitive overlap. We also detected a
significant influence of carnivore richness on niche overlap (β =
0.20, 95% credible interval = 0.09 to 0.32) (Fig. 4C). However,
richness was again correlated with site area, indicating that this
effect is likely a combination of isotopic variation and diffuse
competition within diverse carnivore communities (36). Impor-
tantly, the total niche width of the community did not increase with
human disturbance (P = 0.32), indicating that while niche overlap
and competition increased in human-dominated landscapes, the
overall available niche space was consistent across sites.
We found that the consumption of human foods increased

SEAc and niche overlap across carnivores. However, it is possi-
ble that the consumption of native prey subsidized by agriculture
(e.g., corn) could have contributed to this effect. We estimated
the proportional consumption of natural vs. human foods across
a disturbance gradient and found that most carnivore species
consumed substantially higher proportions of human foods in
disturbed landscapes (Fig. 3). If native prey were subsidized by
agriculture, they would be isotopically indiscernible from human
food subsidies, and we would expect all carnivore species to ex-
hibit increased human foods in their diet. This was not the case.
Rather, we found that bobcats—our only obligate carnivore—

consumed <5% human foods across sites, while wolves exhibited a
similarly attenuated response (Fig. 3). This suggests that generalist
species with high proportions of human foods in their diet (e.g.,
coyotes and foxes) consumed these subsidies directly, while apex
predators (e.g., wolves) and specialized carnivores with limited
dietary plasticity (e.g., bobcats) largely maintained their foraging
niches. Ultimately, the observed trophic signal is likely a combi-
nation of both direct consumption of human foods and the sub-
sidization of local prey, but these results clearly illustrate the
pervasive impact of human subsidies on terrestrial food webs.

Conclusions
We found that human disturbance is altering carnivore foraging
and resource use, leading to trophic niche expansion and trophic

A

B

Fig. 2. Individual responses to human footprint index. Response of δ13C (A)
and δ15N (B) values to human footprint for gray wolves (C. lupis; dark blue),
coyotes (C. latrans; violet), bobcats (L. rufus; yellow), red foxes (V. vulpes;
orange), gray foxes (U. cinereoargenteus; gray), fishers (P. pennanti; light
blue), and American martens (M. americana; green). Black lines indicate
global mean response to human footprint. All lines represent median slopes
and intercepts from Bayesian mixed effects models.
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niche overlap across a widespread guild of North American
carnivores. It is important to note that while we found extensive
trophic niche overlap, carnivores could still partition space and
time to minimize competitive interactions. However, human
disturbance has already severely reduced the spatial and temporal
niches of animals (7, 8), likely exacerbating the consequences of
trophic niche overlap (10). Our results also show that human
subsidies pervade terrestrial food webs and that human distur-
bance impacts trophic interactions at multiple levels of biological
organization. These dynamics will likely impact carnivore pop-
ulations, communities, and even ecosystems. For example, while
the consumption of food subsidies can increase carnivore abun-
dance, it also increases the probability of human–carnivore conflict

(13, 20, 21). Given the continued expansion of human activities,
our data suggest human–carnivore conflict will only increase in the
Anthropocene, with likely consequences for coexistence and the
viability of many carnivore populations. We also found that human
disturbance increases dietary overlap but not available niche space,
thus increasing the probability of interspecific competition and
intraguild predation in human-dominated landscapes (22). Indeed,
trophic niche partitioning has preceded the evolution of morpho-
logical and dietary divergence within carnivore guilds (37), but
expanding trophic niches in human-dominated landscapes could
undermine these selective forces that have facilitated coexistence
for millennia. Lastly, we observed highly plastic foraging and
widespread consumption of human foods, particularly among gen-
eralist mesocarnivores (e.g., coyotes and foxes). Mesocarnivores
represent the most abundant and diverse group of carnivores—both
in our study and globally—and they often perform critical ecological
functions through top-down forces (38–40). The observed con-
sumption of human foods could reinforce this top-down suppression
(13), or it could decouple predator–prey interactions entirely (41).
Ultimately, if carnivores and other mammals are unable to partition
space, time, or resources, then conflict—with humans and within
communities—is likely to accelerate in the Anthropocene, with
cascading effects on populations, communities, and ecosystems.

Methods
Sites and Samples. We quantified the influence of human disturbance on
carnivore trophic structure via hierarchical sampling of carnivore species across
seven sites in the Great Lakes region (Fig. 1 and SI Appendix, Fig. S1). Sites and
populations were defined using state-level furbearer management units (SI
Appendix, Table S7), and communities were defined by carnivore populations
that co-occur within a management unit. We quantified human disturbance as
the mean human footprint index (28) per site. The human footprint index
incorporated multiple aspects of disturbance, including agricultural and de-
veloped land, roads and railways, human population density, and nighttime
lights (28). In total, sites ranged across a >3.5-fold increase in human distur-
bance (SI Appendix, Table S6). Within each site, we collected biological sam-
ples (hair and/or bone) of carnivores for stable isotope analysis via direct
sampling of carnivore tissues (e.g., trapper harvest, depredation harvest, col-
lared animals, known-fate mortality) or archived biological collections, and we
supplemented sampling with published isotopic values from the literature
(42–45) (SI Appendix, Table S2). In total, we sampled seven competing carni-
vore species: gray wolves (C. lupis; N = 102), coyotes (C. latrans; N = 111),
bobcats (L. rufus; N = 101), red foxes (V. vulpes; N = 82), gray foxes (U. cin-
ereoargenteus; N = 26), fishers (P. pennanti; N = 174), and American martens
(M. americana; N = 88). Sites varied in community composition and sample
sizes (Fig. 1 and SI Appendix, Table S7). For all samples, we identified harvest or
sampling location to the finest resolution possible (e.g., county, township,
management unit), and we recorded harvest date and sex when available (SI
Appendix, Table S7) (archived data at doi:10.6084/m9.figshare.8006750).

Stable Isotope Analyses. We quantified carnivore trophic structure using δ13C
and δ15N stable isotope analyses. Stable isotopes in animal tissues reflect the
flow of energy through communities, with δ13C capturing the diversity of
basal resources in a system and δ15N describing trophic position (46). Pat-
terns in consumer stable isotope values (e.g., δ13C and δ15N) allow for the
multidimensional quantification of habitat and resource use known as the
isotopic or trophic niche (47, 48). Accordingly, stable isotope analyses have
become a common tool to quantify the impact of human disturbance on
trophic interactions and consumer niche dynamics (11, 26, 49, 50).

We used hair and bone samples to quantify the trophic niches of carnivores
across study sites. Hair samples were rinsed three times with a 2:1 chloroform-
methanol solution to remove surface contaminants before being homoge-
nized and dried for 72 h at 56 °C. Bone samples were demineralized in 0.5 N
hydrochloric acid at 4 °C for a minimum of 24 h, and the remaining bone
collagen was lipid extracted via immersion in 2:1 chloroform-methanol solu-
tion for a minimum of 72 h. Bone collagen samples were then rinsed with
deionized water to remove solvents, dried for 72 h at 56 °C, and homogenized
with either a ball mill mixer or mortar and pestle. All samples were weighed
into tin capsules for δ13C and δ15N analysis at the University of New Mexico
Center for Stable Isotopes using a Costech 4010 elemental analyzer (Costech)
coupled to a Thermo Scientific Delta V mass spectrometer (Thermo Scientific).

A B

C D

E F

G H

Fig. 3. Proportional use of human (gray; solid lines) and natural (green;
dashed lines) prey by individual carnivores as a function of human footprint
index. (A) Estimated diet of the average carnivore at maximum observed
human footprint and the proportional consumption of human and natural
foods by gray wolves (C. lupis; B), coyotes (C. latrans; C), bobcats (L. rufus; D),
red foxes (V. vulpes; E), gray foxes (U. cinereoargenteus; F), fishers (P. pen-
nanti; G), and martens (M. americana; H).

4 of 7 | www.pnas.org/cgi/doi/10.1073/pnas.2012774117 Manlick and Pauli

D
ow

nl
oa

de
d 

at
 U

kr
ai

ne
: P

N
A

S
 S

po
ns

or
ed

 o
n 

O
ct

ob
er

 1
2,

 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012774117/-/DCSupplemental
https://doi.org/10.6084/m9.figshare.8006750.v1
https://www.pnas.org/cgi/doi/10.1073/pnas.2012774117


Isotopic ratios were quantified as parts per mille (‰) relative to the interna-
tional standards Vienna Peedee Belemnite (C) and atmospheric nitrogen (N).

Hair is a metabolically inert tissue and reflects the assimilated diet of an
individual over the temporal period that the hair was synthesized (51). All
harvested and noninvasively collected samples were acquired after the an-
nual molt (approximately June to October) during fall and winter trapping
seasons (SI Appendix, Table S7); therefore, all isotopic signatures from hair
represent trophic relationships from late summer through fall. Conversely,
bone collagen integrates continuously, represents multiple years of assimi-
lated diet, and turns over at a different rate, potentially resulting in diver-
gent isotopic signatures between hair and bone collagen within a single
individual (52). We used bone collagen from gray wolf museum specimens to
capture the trophic niche of wolves at one site (SI Appendix, Table S7), but
we detected no significant differences between paired bone collagen and
hair samples using two independent datasets (SI Appendix, Table S8). Thus,
all bone collagen isotopic signatures were retained in downstream analyses.

Trophic Niche Dynamics. For consumers, the trophic niche defined by δ13C and
δ15N values ultimately represents the consumption of prey and the potential
impact of a species on its community or environment (i.e., the Eltonian niche)
(30). Consequently, shifts in consumer trophic niches largely reflect either
niche collapse due to limited prey availability (45, 49) or niche expansion
following increased food subsidies (11, 26). Human disturbance has been
shown to drastically increase food subsidies (31, 35), with likely conse-
quences for community trophic structure. To assess the impact of human
disturbance on carnivore trophic structure, we used Bayesian hierarchical
mixed effects models and a leave-one-out model selection framework to
analyze stable isotope signatures at three levels: individuals, populations,
and communities.

Individuals. To quantify individual responses to human disturbance, we subset
our data to include all individuals with a known county of origin (n = 596),
calculated mean human footprint per county, and modeled δ13C and δ15N
values as a function of human footprint. We developed a suite of 10 a priori
models incorporating site and species as random effects (SI Appendix, Tables

S3 and S4), including a fully varying model with random slopes and inter-
cepts for both site and species, two null models varying only by site or
species (i.e., “intercept only”), and all subsets in between. All site-level
random effects included a nested county grouping to account for re-
peated measures within sites. In all of our study sites, C3 photosynthetic
plants predominate and are easily distinguishable via δ13C values (−28
to −22‰) (26, 53). Conversely, human food subsidies in the United States,
including agricultural residuals and human refuse, are largely defined by C4

photosynthetic plants like corn (27, 54) with distinct δ13C signatures (−12
to −14‰) (53) that permeate terrestrial food webs via animal consumption
(21, 31, 55). Similarly, domestic animals and synanthropic wildlife commonly
found in urban carnivore diets also exhibit elevated δ15N values (11, 26).
Thus, we predicted that both δ13C and δ15N values would increase with
human footprint. To assess the relative impacts of agricultural subsidies vs.
human refuse, we ran supplementary analyses using the top model identi-
fied during model selection. To assess agricultural inputs likely to influence
isotope signatures (e.g., corn), we calculated the proportion of corn planted
in each county during the growing season prior to animal harvest using US
Department of Agriculture (USDA) Cropland Data Layer Maps (https://www.
nass.usda.gov/Research_and_Science/Cropland/SARS1a.php). To quantify in-
puts from human refuse, we calculated mean population density per county
(humans per square kilometer) in 2010 using the population density layer of
the human footprint index (28). Percent corn and population density were
significantly correlated (r = 0.56, P < 0.001). Thus, to assess the influence of
corn vs. human refuse, we modeled individual isotopic values as a function of
percent corn and population density separately and identified the top model
using a leave-one-out model selection framework (SI Appendix, Table S5). We
also estimated the proportion of human foods consumed by each individual
using Bayesian isotopic mixing models in the r package mixsiar (56). Specifically,
we used existing stable isotope data on human food subsidies and natural prey
(SI Appendix, Table S9) to estimate the proportion of human foods consumed
as a function of human footprint, again with a random effect of species. We
used trophic discrimination factors of 1.5‰ (±0.5) and 3.5‰ (±0.5) for δ13C and
δ15N, respectively (26). The model used uniform priors with a process × residual
error structure, and we ran three Markov chains for each model with 100,000
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Fig. 4. Population and community responses to human footprint index. (A) Effect sizes for top Bayesian mixed effects model of SEAc, including fixed (re-
gression coefficients; black) and random effects (intercept offset; color by species). Thick bars indicate 80% credible intervals, and thin lines indicate 95%
credible intervals. (B) Predicted response of SEAc to human footprint across species. The black line indicates median response, dotted lines denote 95%
credible intervals, and circles represent SEAc per species per site. (C) Effect sizes for top Bayesian mixed effects model of pairwise niche overlap, including
fixed (regression coefficients; black) and random effects (intercept offset; color by species). Thick bars indicate 80% credible intervals, and thin lines indicate
95% credible intervals. (D) Predicted response of pairwise niche overlap to human footprint across species. The black line indicates median response, dotted
lines denote 95% credible intervals, and circles represent pairwise overlap (Oij) for co-occurring carnivores within each site.
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iterations, a 50,000-iteration burn-in, and a thinning rate of 50. Model con-
vergence was identified by Gelman–Rubin diagnostic (R̂) values < 1.05.

Populations. To assess species-level responses to human disturbance, we first
estimated SEAc for each species at each site (i.e., population; n = 38) using
95% standard ellipses corrected for small sample size (SEAc) via the r pack-
age SIBER (57). We excluded all populations with fewer than five samples
(x ̅ = 17.71) following SIBER recommendations (57). We then modeled SEAc
(‰) for each population as a function of human footprint including species
as a random effect. Second, because community composition can also reg-
ulate the trophic niches of carnivores (30, 58), we also included carnivore
richness as a predictor of SEAc. Carnivore richness was correlated with site
area (r = 0.88, P < 0.001), a strong predictor of isotopic niche width (23), but
uncorrelated with human footprint (r = −0.11, P = 0.49). Thus, we retained
carnivore richness to capture both community and scale effects on niche
width and denoted richness for each site as the total number of terrestrial
carnivore species (order Carnivora) present, as estimated by local natural
resource agencies. Despite the unbiased nature of standard ellipses (57), we
also included sample size as a predictor of SEAc to account for any potential
differences in niche width due to unequal sampling. We developed eight
candidate models to test the response of SEAc to human footprint, including
a full model with all predictors and species-level responses to human foot-
print (i.e., random slopes and intercepts), a null model with only a species-
level random effect, and subsets with varying predictors and random effect
structures (SI Appendix, Table S5). Because both human footprint and carni-
vore richness are site-level continuous variables, we did not include site as a
random effect to minimize covariance within model parameters. We predicted
that SEAc would increase with human footprint. We tested the relative im-
pacts of agricultural subsidies vs. human refuse using 2010 population
density and the mean proportion of corn planted during the respective
sampling window for each site. Percent corn and population density were
again significantly correlated (r = 0.79, P < 0.001). We used the top model
from our initial analysis of SEAc, replaced human footprint with percent
corn and population density, and modeled SEAc as a function of each vari-
able separately. We then identified the top model using leave-one-out
model selection.

Communities. We quantified community-level responses to human distur-
bance by estimating trophic niche overlap between all species pairs within
each site (n = 176). We estimated niche overlap for each species as

Oij = oij

SEAci
,

where i indicates the species of interest, j indicates the competing species, oij

indicates the area of SEAc overlap between competitors (‰), and SEAci in-
dicates the total trophic niche area for the species of interest (‰). The re-
sultant metric (Oij) represents the proportion of a given species’ trophic
niche overlapped by a potential competitor and ranges from zero (no
overlap) to one (complete overlap). We calculated Oij for both species in all
species pairs within each site. We then modeled Oij as a function of human
footprint including species as a random effect to assess differences in trophic
niche overlap by species. We again included carnivore richness as a covariate
to account for community and scale effects on trophic niches, and we also
included the sample size ratio between each species pair to account for
potential differences in proportional overlap due to unequal sample sizes.
Given that diet overlap in carnivores is often a function of body size dif-
ference (BSD), we estimated BSD for all pairwise species comparisons fol-
lowing Donadio and Buskirk (22). For each species, we estimated mean body
mass (kilograms) using published values from the literature and cataloged
biological specimens on VertNet (SI Appendix, Table S9). All populations and
individuals used to estimate body mass were restricted to the Great Lakes
region, and we estimated mean body mass for midwestern and northeastern
coyotes separately due to the significant differences in body mass between
regions (59). In total, we developed a suite of 12 candidate models to quantify
the impact of human footprint on pairwise niche overlap, including a full
model with all predictors and species-level responses to human footprint
(i.e., random slopes and intercepts), a null model with only a species-level
random effect, and subsets with varying predictors and random effect struc-
tures (SI Appendix, Table S6). Because human footprint and carnivore richness

are site-level continuous variables, we did not include site as a random effect to
minimize covariance within model parameters. We predicted that Oij would
increase with human footprint. We tested the relative impacts of agricultural
subsidies (i.e., corn) vs. human refuse using population density and the mean
proportion of corn planted during the respective sampling window for each
site. Corn and population density were again correlated (r = 0.79, P < 0.001), so
we used the top model from our initial analysis, replaced human footprint with
percent corn and population density, and modeled Oij as a function of each
variable separately. We used leave-one-out model selection to identify the
best-fitting model. Lastly, we calculated the community niche width (i.e., the
range of resources available to each community) by combining all carnivores
from each site and calculating SEAc. To assess the relationship between human
disturbance and total niche width of the community, we used Pearson’s cor-
relation and tested for significance using the cor.test function in R.

Statistical Procedures. All statistical analyses were performed in the statistical
software r (60). Models were implemented in the r package rstanarm v.
2.18.2 (61). The rstanarm package uses a Hamiltonian Markov chain Monte
Carlo sampling algorithm that efficiently samples parameter space to pro-
vide robust inferences on ecological processes (62). We used the default,
weakly informative priors for all models—normal (0, 10) on intercepts,
normal (0, 2.5) on coefficients—and predictors were centered and scaled
internally by rstanarm to have a mean of zero and SD of one. Models of δ13C,
δ15N, and SEAc held continuous and unbounded response variables and used
linear mixed effect regressions with Gaussian likelihood distributions. Con-
versely, Oij required a bounded distribution (0,1), and we therefore used beta-
regression with a Beta likelihood distribution and logit link. Beta-regressions
do not, however, permit boundary values (0 or 1) which were present in our
data. We therefore transformed Oij data using the equation

y * (n − 1) + 0.5

n
,

where y was the Oij value and n was sample size, effectively limiting data to
(0.005, 0.995) (63). We set proposal acceptance probability to a minimum of
0.95 (maximum 0.995) to avoid divergent transitions while maximizing
model efficiency. Models ran four chains with 2,000 iterations, with the first
1,000 iterations discarded as burn-in. All models exhibited convergence (all
R̂ = 1.0), and effective posterior sample sizes exceeded 1,000 in all cases. We
compared multiple models for each analysis by estimating the expected log
predictive density (ELPD) for each model using the approximate leave-one-
out cross-validation procedure in the r package loo v. 2.1.0 (29, 64). We used
a Pareto K threshold of 0.7 to account for the impact of potential outliers
and selected top models via comparison of ELPD, with top-ranked models
exhibiting the highest ELPD values. Lastly, we visually inspected model di-
agnostics to assess convergence (e.g., trace plots) using the r package shi-
nystan (65), and we used a series of posterior predictive checks to ensure
that 1) models reasonably approximated mean values from the data and 2)
all residual errors were zero centered and normal.

Data Availability. Data are available in SI Appendix, and stable isotope ratios
data can be accessed in full at FigShare, https://doi.org/10.6084/m9.figshare.
8006750.v1.
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