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Abstract. Although generalists are becoming increasingly abundant and widespread, little is known
about their response to ecological variation they encounter across their range. For example, the generalist’s
flexible diet is cited to help explain recent range expansions, but no study has directly examined this claim.
Here, we use stable isotope values of the Virginia opossum (Didelphis virginiana), a true generalist, to exam-
ine an extension of MacArthur’s habitat heterogeneity hypothesis for a single generalist species. If a gener-
alist’s diet reflects local food abundance, then more heterogeneous landscapes should result in broader
niches. We used stable isotope analysis, landcover indices, and WorldClim data to further evaluate how
the opossum’s use of its environment varies across ancestral regions, expansion fronts, and regions of
human-facilitated introductions. Niche breadth varied across its range, especially between expansion
fronts. We found a positive relationship between landcover diversity and isotopic niche breadth. World-
Clim variables linked to aridity and C4 plant abundance were most strongly associated with nitrogen
(d15N) and carbon (d13C) values, respectively. Our results reveal that a generalist’s stable isotope signature
reflects its local environment, demonstrating their flexible diet is captured with stable isotopes and
supporting the generalist habitat heterogeneity hypothesis.
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INTRODUCTION

Scientists have long sought to understand how
species are distributed and the underlying forces
controlling species ranges. In 1917, the bound-
aries of an individual species’ range were
credited to physiological limitations to the envi-
ronment (Grinnell 1917), and a few years later,
Elton defined a species’ niche as its biotic posi-
tion with predator and prey (Elton 1927). To bet-
ter quantify a species’ niche, Hutchinson
proposed an n-dimensional hypervolume where
the dimensions are the environmental conditions
and resources that define a niche (Hutchinson

1957). This method of drawing niches informed
the development of analyzing the isotopic niche
(Bearhop et al. 2004), typically depicted as an
area drawn from two stable isotope ratios that
inform a population’s environment and diet. Iso-
topic niches have been leveraged to examine eco-
logical concepts including the niche variation
hypothesis and resource breadth hypothesis
(Maldonado et al. 2017, Rader et al. 2017).
With climate change, human land-use modifi-

cation, and the extirpation of apex predators,
generalists including an array of mammals and
birds are becoming more predominant in com-
munities, in some cases expanding their range
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and entering new communities (Prugh et al.
2009, Davey et al. 2011). Because of their broad
diet, generalists can occupy numerous trophic
levels within a food web, often making it difficult
to predict their impacts on a community or how
climate change will impact their populations
(Prugh et al. 2009). The literature examining how
diet varies across a generalist’s geographic range
is limited. One study evaluating a generalist spe-
cies across its range found that variation in diet
was often linked to local food abundance (Ter-
raube and Arroyo 2011), while a second study
found dietary variation was constricted in high-
latitude winters (Soe et al. 2017).

Despite the growing abundance of generalists in
communities (Prugh et al. 2009), nothing is known
about isotopic niche patterns across a generalist’s
range. Ongoing range expansions of widespread
mesopredators offer natural experiments to inves-
tigate isotopic niche variation across a variety of
habitats and range locations. The broad geo-
graphic range (Fig. 1; Gardner and Sunquist 2003)
and northward expansion of the Virginia opos-
sum, Didelphis virginiana (Walsh and Tucker 2018),
provide an opportunity to evaluate how a general-
ist’s isotopic niche changes with its environment
and at the margins of its range.

The Virginia opossum (henceforth opossum) is
a marsupial found from Central America to the
Midwestern United States and southeastern
Canada. The northward expansion of opossums
is well documented in museum records (Walsh
and Tucker 2018), and their current northern
margins are found west of the Great Lakes in
North Dakota (Walsh et al. 2017) and east of the
Great Lakes in Maine (Mosby, personal communi-
cation). Individual opossums are reported to con-
sume a wide array of foods, that is, the opossum
is a type A generalist (Gardner and Sunquist
2003, Bearhop et al. 2004).

The habitat heterogeneity hypothesis states that
heterogeneous and complex landscapes increase
the number of niches and therefore are expected
to accommodate more species (MacArthur 1972).
Our primary objective was to evaluate a potential
extension of the habitat heterogeneity hypothesis
for a single generalist species—more heteroge-
neous landscapes result in the broadening of a
generalist species’ niche. Our secondary objective
was to understand how local climate influences a
generalist’s isotopic signature.

METHODS

Sample collection
To examine how the opossum’s isotopic niche

varies across its range, six regions of interest
were defined based on the timing of the opos-
sum’s expansion into temperate North America.
Mesoamerica and the Gulf Coast were estab-
lished as ancestral regions based on Pleistocene
fossil records (Graham and Lundelius 2010). The
Midwest and Northeast were established as
recent northward expansion regions, and the
California Central Valley and California Coast
were established as two regions occupied due to
human-facilitated introductions (Fig. 1). Because
opossums are relatively nomadic, we conducted
our analyses over broad regional spatial scales
comparable with the scale required to detect
genetic structure (Walsh and Tucker 2018).
Between 20 and 42 individuals were sampled

from adult museum skin specimens for each
region for a total of 153 specimens sampled
(Appendix S1), exceeding the minimum sample
size of 5 required per region for stable isotope
analyses (Clementz and Koch 2001).

Stable isotope analysis
For each sample, approximately three whole

guard hairs were treated with a 2:1 ratio of chlo-
roform–methanol to remove lipids, dried under a
fume hood at ambient temperature, diced, and
weighed with a Mettler AE 240 balance (Toledo,
Ohio, USA) to place 0.5–1.0 mg in a tin capsule.
Duplicate capsules for each sample were sent to
the University of New Mexico Center for Stable
Isotopes (UNM-CSI) for stable isotope analysis of
d13C and d15N. To analyze organic substrates,
UNM-CSI uses a Delta V mass spectrome-
ter with a Conflo IV interface (Thermo Scientific,
Waltham, Massachusetts, USA), 4010 elemental
analyzer (Costech, Valencia, California, USA),
and a high-temperature conversion elemental
analyzer. Analytical error across 56 runs of the
UNM-CSI protein standard (casein) was 0.1099
standard deviations (SD) for d15N and 0.0543 SD
for d13C.
The museum specimens evaluated for this

research were collected across 100 yr. Because
atmospheric carbon isotope ratios have decreased
over the past century due to the influx of green-
house gases derived from the burning of fossil
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fuels, we adjusted for timewith a linear correction
of �0.005& per year between 1917 and 1961 and
�0.022& per year after 1961 (i.e., Chamberlain
et al. 2005).

Isotopic niche evaluation
The opossums’ isotopic niche breadth was cal-

culated for each of the six regions using the Baye-
sian ellipse method. By implementing Bayesian
inference techniques in the R package SIBER
v.2.1.3 (Jackson et al. 2011) when calculating the
standard ellipse area (SEAB), sampling error can
be accounted for in the isotopic niche.

Because analyses can be partially confounded
by sampling regions of unequal geographic area
(Stein et al. 2014), two methods were imple-
mented to evaluate the impact that geographic

area might have on our calculated SEAB. First,
the area of each of the six regions was estimated
in ImageJ (https://imagej.nih.gov/ij/) by tracing
the polygon created by collection points in a
given region (Fig. 1) and was evaluated for corre-
lation with SEAB. For a less coarse approach,
SEAB was calculated in SIBER v.2.1.3 (Jackson
et al. 2011) for eight subsamples consisting of sin-
gle or adjoining counties in which at least four
opossums were sampled and assessed for corre-
lation with the total land area of the subsamples
available from county census records (n = 43;
Appendix S1).
To evaluate whether habitat heterogeneity

impacts isotopic niche breadth, landcover data
from sampled countries were downloaded from
https://data.terrapop.org/terraclip#. These landcover

Fig. 1. Virginia opossum (Didelphis virginiana) samples analyzed for stable isotope values from six regions
(CA, California). Individual samples are plotted onto the 2000 global landcover map (Fritz et al. 2003; BL, broad-
leaved; NL, needle-leaved).
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data from 2000 assign each geolocated grid cell of 1-
km resolution one of 22 landcover types (e.g., mixed
leaf tree cover, herbaceous cover, broad-leaved ever-
green tree cover, mosaic cropland, and tree cover;
Fritz et al. 2003). The R script to plot landcover can
be found in Data S1. Landcover type for each opos-
sum sample was extracted using its field collection
coordinates. The 153 samples were collected from a
total of 11 different landcover types (Appendix S1;
Appendix S2: Fig. S1). The heterogeneity of the six
regions was evaluated using four habitat diversity
measurements: Simpson’s diversity and evenness
indexes and Shannon’s diversity and evenness
indexes. In our application of Simpson’s and Shan-
non’s equations, landcover types were treated as
analogous to different species (Lausch and Herzog
2002; Appendix S2: Fig. S1). These diversity mea-
surements (Table 1) were used to evaluate whether
habitat heterogeneity of a region is positively corre-
lated with its isotopic niche breadth.

Isotopes and environmental variables
To investigate differences in opossum isotope

composition across habitat types, six landcover
types were compared (each with n ≥ 7 opossum
samples; total n = 133). To investigate the influ-
ence that abiotic variables have on opossum iso-
tope composition, 10 climate variables were
extracted from the WorldClim dataset (Hijmans
et al. 2005) at 10 min resolution using the raster
package in R (Hijmans 2015). We used a general-
ized linear model (GLM) approach to evaluate
which climate variables best explained d13C and

d15N patterns. GLMs were designed in IBM SPSS
version 26.0 with a normal response for the d15N
dataset and a gamma response for a positively
adjusted d13C dataset. Single covariate models
were run for each WorldClim variable, and
WorldClim variables that were not correlated
were also used to build two-covariate and three-
covariate models (all variance inflation fac-
tors ≤ 1.020). To avoid overfitting and favoring
more complex models, model performances were
measured with Bayesian information criterion
(BIC) and compared by calculating DBIC
(BICi � BICMINIMUM; Rafferty 1995, Barker and
Link 2015).
In order to compare the opossum, a generalist,

to previous stable isotope research on specialist
mammals (e.g., Cotton et al. 2016, Smiley et al.
2016), we also evaluated the importance of the
ten WorldClim variables for each isotope using
conditional forest (CF) analysis with the party
package in R (Strobl et al. 2008). CF analysis is a
classification and regression tree machine learn-
ing method that allows for assessment of
non-parametric data and accounts for complex
interactions including correlation between inde-
pendent variables (Strobl et al. 2008). For each
isotope, 1000 trees were built using randomly
selected WorldClim variables and aggregated.
The number of variables to include in each tree
was determined based on the forest that yielded
the smallest root mean square error measured
with the caret R package (Kuhn 2008, Strobl et al.
2008). Because CF analysis does not output

Table 1. Virginia opossum (Didelphis virginiana) regional values for Bayesian standard ellipse area (SEAB) and
habitat diversity measurements calculated using 2000 global landcover types (Fritz et al. 2003; D, diversity
index; E, evenness index).

Region SEAB Simpson’s D Simpson’s E Shannon’s D Shannon’s E Geographic area

California Coast 4.89 0.60 0.58 1.00 0.72 2428
California Valley 6.79 0.63 0.49 1.20 0.75 2767
Mesoamerica 11.12 0.82 0.65 1.68 0.86 43,458
Gulf Coast 9.74 0.78 0.53 1.67 0.81 32,226
Midwest 11.89 0.84 0.62 1.79 0.86 23,225
Northeast 3.05 0.61 0.41 1.25 0.70 9618
Pearson’s correlation
coefficient with SEAB

0.951* 0.768 0.890 0.984** 0.778

Notes: Regional geographic area was measured using ImageJ (units = pixels). Pearson’s correlation coefficients for SEAB are
in the last row. Significant correlations are in bold.

* P < 0.01.
** P < 0.001.
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directional parameters, the relationship between
WorldClim variables and both d13C and d15N val-
ues was evaluated using Spearman’s rank corre-
lation analysis.

RESULTS

Isotopic niche evaluation
From a sample of 153 opossums collected

between 1917 and 2017 (Appendix S1), d15N val-
ues ranged from 4.35& to 13.98& (�0.16 SD),
and Suess-corrected d13C values ranged from
�24.99 to �16.23& (�0.20 SD; Appendix S2:
Fig. S2). No region’s isotope values were signifi-
cantly correlated with the year in which they
were collected (Spearman’s P value ≥ 0.06). The
isotopic niche breadth (SEAB) varied across the
opossum’s geographic range, with the largest
SEAB observed in Mesoamerica and the Mid-
west, followed by the Gulf Coast (Fig. 2). The
smallest SEAB included California’s agricultural
Central Valley, California’s coast, and the North-
east (Fig. 2). There was no correlation between
SEAB and county geographic area (Pearson’s r =
�0.490, P = 0.218; Appendix S2: Table S1). The
correlation coefficient increased but remained
non-significant when the six regions’ SEAB were
evaluated for correlation with geographic area
(Pearson’s r = 0.778, P = 0.069; Table 1). SEAB

was positively correlated with Simpson’s and
Shannon’s diversity indexes and Shannon’s

evenness index (Pearson’s r ≥ 0.869, P ≤ 0.025;
Table 1).

Isotopes and environmental variables
There were significant differences in d13C val-

ues between landcover types (Kruskal-Wallis
P = 0.021; Appendix S2: Fig. S3). Herbaceous
cover had significantly higher d13C values
compared to broad-leaved evergreen and broad-
leaved deciduous cover (Dunn’s P ≤ 0.029). Simi-
larly, cultivated areas had significantly enriched
d13C values compared to broad-leaved evergreen
and broad-leaved deciduous cover, along
with needle-leaved evergreen cover (Dunn’s
P ≤ 0.046).
For d15N, the best performing GLM was mean

temperature in the wettest quarter + annual pre-
cipitation (BIC = 640.064; parameter esti-
mates = 0.051 � 0.0186 SE, �0.002 � 0.0004 SE;
P values = 0.006, <0.001 respectively; Table 2).
When compared to the best performing model,
only one GLM had a DBIC less than two, a value
that demonstrates there is only weak support for
one model over the other (Rafferty 1995). This
competitive model included mean temperature
in wettest quarter + precipitation in the driest
quarter (DBIC = 0.621; parameter estimates =
0.049 � 0.0186 SE, �0.006 � 0.0015 SE; P val-
ues = 0.009 and < 0.001 respectively; Table 2).
There was strong evidence both of these models

Fig. 2. Isotopic niche breadth of Virginia opossums (Didelphis virginiana) in six regions calculated as the Baye-
sian standard ellipse area (SEAB). Regions are arranged, left to right, from smallest to largest isotopic niche
breadth (CA, California). Black dots indicate the mode of the region’s niche breadth and shaded boxes represent
50%, 75%, and 95% credible ellipse intervals, respectively.
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performed better than the null model
(DBIC = 9.819; Table 2; Rafferty 1995).

For d13C, the best performing GLM was maxi-
mum temperature (BIC = 593.22; parameter
estimate = 0.048 � 0.0117 SE; P value < 0.001;
Table 3). There were one additional GLM with
substantial support, which included mean tem-
perature in the wettest quarter (DBIC = 0.684;
parameter estimate = 0.021 � 0.0051 SE; p
value < 0.001; Table 3). There was very strong
evidence both of these models performed better
than the null model (DBIC = 10.917; Table 3; Raf-
ferty 1995).

The conditional forest analysis found that the
10 WorldClim variables selected explained
19.63% of the variance in d15N data and 13.53%
of the variance in d13C data. The WorldClim vari-
able with the highest importance for nitrogen iso-
topic composition of opossum guard hairs was

annual precipitation, followed by precipitation in
the driest quarter (Fig. 3A). The WorldClim vari-
able with the highest importance for carbon iso-
topic composition of opossum guard hairs was
precipitation in the coldest quarter, followed by
mean temperature in the wettest quarter
(Fig. 3B). Precipitation variables were negatively
correlated with d15N values (Spearman’s
P ≤ 0.027; Table 4), and temperature variables

Table 2. Highest performing generalized linear mod-
els used to examine d15N values from Virginia opos-
sum (Didelphis virginiana) guard hair, ranked by
DBIC (difference in a model’s Bayesian information
criterion).

Model DBIC BIC Log-likelihood

Mean TWettest Q (MTWQ)
+Annual P (AP)

0.00 640.064 �309.971

Mean TWettest Q (MTWQ)
+ P Driest Q (PDQ)

0.621 640.685 �310.282

Intercept only 9.819 649.883 �319.911

Notes: P, precipitation; Q, quarter; T, temperature; and
BIC, Bayesian information criterion. These models performed
significantly better than the null, intercept only, model (Raf-
ferty 1995).

Table 3. Highest performing generalized linear models
used to examine d13C values from Virginia opossum
(Didelphis virginiana) guard hair, ranked by DBIC
(difference in a model’s Bayesian information crite-
rion).

Model DBIC BIC Log-likelihood

Maximum T (MXT) 0.00 593.22 �289.064
Mean T Wettest
Q (MTWQ)

0.684 593.904 �289.407

Intercept only 10.917 604.137 �297.038

Notes: Q, quarter; T, temperature; and BIC, Bayesian infor-
mation criterion. These models performed significantly better
than the null, intercept only, model (Rafferty 1995).

Fig. 3. Conditional forest analysis variable impor-
tance for (A) nitrogen isotope values and (B) carbon
isotope values of the Virginia opossum (Didelphis vir-
giniana). WorldClim variables include annual precipi-
tation (AP), precipitation in the driest quarter (PDQ),
mean temperature in the wettest quarter (MTWQ),
temperature annual range (TAR), minimum tempera-
ture in the coldest month (MNT), precipitation in the
coldest quarter (PCQ), mean annual temperature
(MAT), precipitation in the wettest quarter (PWQ),
mean temperature in the driest quarter (MTDQ), and
maximum temperature in the warmest month (MXT).
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were positively correlated with d13C values
(Table 4).

DISCUSSION

We used the opossum, a type A generalist
experiencing a range expansion, as a system to
study variation in stable isotope values and niche
breadth across a broad spatial scale. Temporal
expansions and contractions of isotopic niches
have been observed from the Holocene through
the modern-day samples of small rodents in the
Great Basin (Terry 2017). Our results demon-
strate that variation in niche size can also occur
spatially, as populations span different environ-
mental and climatic conditions. Our analysis
supports the hypothesis that the isotopic niche
breadth will vary across a generalist’s range in
correlation with habitat (Fig. 2; Table 1).

In a study that manipulated barley fields to
vary habitat heterogeneity, biologists found that
individual diets of generalist arthropods were
more variable in the heterogeneous fields. Our
range-wide results of a mammalian mesopreda-
tor, along with the site-specific study on arthro-
pod generalists (Staudacher et al. 2017), support
the generalist habitat heterogeneity hypothesis.
To further understand isotopic niche trends in
generalists, we suggest sampling type A and
type B generalists, as well as specialists, across
various degrees of habitat heterogeneity to

bolster statistical power and compare results
across species.

Isotope patterns
d15N values were primarily driven by precipi-

tation patterns: Areas with lower precipitation
and higher temperatures during precipitation
extremes had higher d15N values (Fig. 3A).
Based on our GLM results, for every Celsius
degree increase in mean temperature during the
wettest quarter, opossum d15N increased by
0.051&, and for every millimeter increase of
rain, d15N decreased by 0.002&. Aridity is
known to enrich the nitrogen isotopic composi-
tion of soils and vegetation, but this signal can
be lost in localized assessment due to other pro-
cesses that drive d15N patterns in microhabitats
(Pardo and Nadelhoffer 2010). Our ability to
detect a relationship between nitrogen composi-
tion and precipitation across a large geographic
scale is consistent with a study on two hetero-
myid rodent species in western North America
(Smiley et al. 2016).
Herbaceous and cultivated landcover types,

which are often dominated by C4 plants, were
associated with opossums with higher d13C val-
ues than opossums found in predominantly C3

forest landcover types (Appendix S2: Fig. S3).
Based on our GLM results, for every Celsius
degree increase in maximum temperature experi-
enced, opossum d13C increased by 0.048&, and
for every degree increase in mean temperature
during the wettest quarter, d13C increased by
0.021&. In general, the WorldClim variables that
had the highest importance for d13C values
(Fig. 3B) and strongest performing models
(Table 3) also predict the relative abundance of
C3 and C4 plant growth—areas with less rain
and warmer temperature, climate conditions that
are more conducive for C4 grasses than for C3

vegetation (Terri and Stowe 1976), had higher
d13C values. Interestingly, even though opossums
are omnivorous generalists, the climate patterns
that best predict d13C values across their range
are consistent with similarly broad spatial stud-
ies that evaluated large obligate grazers and
small herbivores (Cotton et al. 2016, Smiley et al.
2016).
WorldClim variables are averaged measure-

ments from 1970 to 2000, and these data are
approximate climate variables, especially for

Table 4. Spearman’s correlation coefficients (r) for d15N
and d13C values from Virginia opossum (Didelphis
virginiana) guard hair with 10 WorldClim variables.

Variable d15N r d13C r

Annual P (AP) �0.308*** �0.025
Mean Annual T (MAT) 0.132 0.2928***
Minimum T (MNT) 0.24** 0.122
Mean T Driest Q (MTDQ) 0.118 0.036
Mean T Wettest Q (MTWQ) 0.146 0.308***
Maximum T (MXT) 0.044 0.305***
P Coldest Q (PCQ) �0.179 �0.249**
P Driest Q (PDQ) �0.331*** 0.096
P Wettest Q (PWQ) �0.156 �0.097
TAnnual Range (TAR) �0.167 �0.03

Notes: P, precipitation; Q, quarter; and T, temperature. Sig-
nificant correlations are in bold.

** P < 0.01.
*** P < 0.001.
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opossums collected outside of the 30-yr World-
Clim window. The explanatory power of climate
variation was low (<20%) for both isotopes in CF
analysis, and parameter estimates from the top-
performing GLMs were significant but subtle.
This may in part be due to sampling from across
multiple climatic regimes in North America
which could amplify the noise of isotopic signals
caused by local ecosystem processes and eco-
physiological differences between plant species
(Lajtha and Marshall 1994, Pardo and Nadelhof-
fer 2010). This may also be due to the strong
influence that human land-use (e.g., urbanization
and agriculture) has on mammal communities,
especially generalists (Rowe and Terry 2014). The
isotopic composition of a consumer is a combina-
tion of an animal’s foraging behavior and the iso-
scape in which they are foraging (Yeakel et al.
2016), so it is reasonable for climate not to
explain all the variance detected in a relatively
nomadic generalist species (Gardner and Sun-
quist 2003).

As a type A generalist (Gardner and Sunquist
2003, Bearhop et al. 2004), the opossum’s isotopic
signature may offer a method to assess the iso-
scape of broad geographic areas. Our results
demonstrate that their d13C and d15N values are
impacted by both the local climate and landcover
type. However, because the isotopic values of
basal resources vary across space and time
(Lajtha and Marshall 1994, Pardo and Nadelhof-
fer 2010, Yeakel et al. 2016), our dataset cannot
be used to directly compare the opossums’ diets.
To resolve this, primary consumers collected
from the same site and year should be analyzed
to serve as isotopic baselines to correct each
opossum’s d13C and d15N values (e.g., Olsson
et al. 2009).

Range expansion
The two regions with expansion fronts, the

Midwest and Northeast, did not have similar iso-
topic niche breadths—the Midwest represented
one of the largest niches while the Northeast had
the smallest niche (Fig. 2). This difference may
be due to the comparative homogeneity of the
habitat and climate in the Northeast (Table 1). In
addition to encompassing all habitats found in
the Northeast, the Midwest included both herba-
ceous and shrub covers (Appendix S2: Fig. S1).
The more heterogeneous habitats in the Midwest

(Table 1) that include herbaceous and shrub
cover may include a greater variety of C3:C4

plant ratios, resulting in a broader distribution of
d13C values measured in Midwestern opossums.
Similarly, the range of annual precipitation in the
Midwest is greater (592 mm range) than in the
Northeast (362 mm range). This larger range of
precipitation may drive greater variation in d15N
values in the Midwest. The contrasting isotopic
results from the opossum range expansions in
the Midwest and Northeast highlight the impor-
tance of understanding how local habitat and cli-
mate influence the ecology of generalist and
mesopredator range expansions.
Because opossums do not have a restricted or

preferential diet (Gardner and Sunquist 2003),
their stable isotope values should mirror the prey
abundance and isotopic variation of the dietary
resources in the habitat in which they are forag-
ing. This is congruent with our results—their
stable isotopes reflect their local habitat. Further
comparative studies could tease apart whether
this flexibility is common in both type A and
type B generalists and whether this signal is
restricted to generalists.
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