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Abstract
1.	 Given the long and dynamic history of anthropogenic disturbances to ecosystems, 

it is difficult to determine the drivers of past population declines. These uncer-
tainties dilute the efficacy of conservation efforts and might hinder species and 
ecosystem recovery.

2.	 Niche quantification can be a useful tool for understanding drivers of past popula-
tion declines. Niche parameters reflect key resources used, providing insight into 
the conditions needed to achieve population stability. By reconstructing a popula-
tion's niche position and space over a period of decline and comparing to historic 
baselines, shifts in the realized niche of a species can be assessed. Comparing 
shifts to historic information on resource availability and timing of declines can 
allow practitioners to identify probable drivers of species decline.

3.	 We demonstrated the utility of this technique by reconstructing parameters of 
isotopic dietary niche over a 130-year period and comparing isotopic niche recon-
structions to land use and crop harvests during this same period via regression 
and Bayesian standard ellipsoid (SIBER) analyses. We use a formerly widespread 
but now endangered species, the eastern spotted skunk Spilogale putorius, ad-
dressing the hypothesis that land use change and agricultural intensification led 
to a historical collapse of key dietary resources which correlates with population 
declines in this species. To help control for isotopic variability unrelated to popu-
lation decline, we compare trends to those of a secure, but ecologically similar 
generalist mesocarnivore, the striped skunk Mephitis mephitis, across the same 
spatiotemporal scale.

4.	 We present evidence that historic dietary changes occurred in spotted skunks in 
the early 1900s but not to the same degree in striped skunks. Changes in isotopic 
composition correspond with the temporal period of decline and are explained by 
concurrent changes in land use. These results support the hypothesis that loss of 
key dietary resources as a result of land use change and agricultural intensification 
played a significant role in population declines of spotted skunks in this region.
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1  | INTRODUC TION

Anthropogenic disturbances have profound impacts on species 
ecology and have resulted in unprecedented rates of population 
decline and species extirpation (Ceballos et  al.,  2015; Lewthwaite 
et  al.,  2017; Seebens et  al.,  2017; Urban,  2015). While this leaves 
little doubt that human activities have detrimental consequences for 
species, it is challenging to pinpoint the primary mechanisms driv-
ing population declines. This is especially true for species that faced 
historical disturbances as our knowledge of the system is limited by 
the availability of historical records while our frame of reference is 
subject to shifting baselines (Papworth et al., 2009). These factors 
obscure the underlying causes for species loss and present major 
hurdles for conservation managers (Newsome et al., 2007; Peterson 
et al., 2006; Scheele et al., 2017).

One potential method for understanding population declines 
is to quantify changes in a species’ niche. Representing the total-
ity of the biotic and abiotic interactions encompassed by a spe-
cies, the niche provides a useful framework for identifying critical 
conditions and resources necessary for survival and reproduction 
(Cadotte, 2004). Quantifying alterations in the position and shape 
of the niche over temporal or spatial scales can reveal otherwise 
hidden attributes contributing to population decline (Manlick 
et  al.,  2019; Rossman et  al.,  2016; Swanson et  al.,  2015; Yeakel 
et al., 2013). For example, reduced availability of critical resources 
might be evidenced by an increase in intraspecific variation in 
niche space for generalist species as alternative resources are 
used (Korotkevich et al., 2018; Svanback & Persson, 2004; Wilson 
& Turelli, 1986).

While it is impossible to quantify the n-dimensions representing a 
species’ Hutchinsonian niche, the isotopic niche has become a widely 
cited reflection of this hypervolume (Chase & Leibold, 2003), allow-
ing for detailed studies comparing how populations and species in-
teract with and persist in their environments (Newsome et al., 2012). 
Stable isotope analysis (SIA) measures the ratios of different isotopes 
for specific elements within organic tissues in the context of ecologi-
cal and environmental factors. This technique makes use of variation 
in the isotopic signal of the resources consumed (Koch et al., 2017; 
Newsome et al., 2012), as well as predicable patterns of fractionation 
in stable isotopes that occur in the body as biochemical processes 
turn food into tissue (Roth & Hobson, 2000). Thus, SIA captures as-
pects of both the biotic and abiotic components that enable a species 
to persist at a location, which serves as a quantifiable reflection of 
an organism's niche space. Furthermore, SIA can be performed on 
a variety of inert organic tissues (e.g. hair and bone), which can be 
sampled from historical museum specimens. This enables quantifi-
cation of isotopic niche within past ecosystems, offering a method 
to measure and provide context to broad-scale changes in species 
ecology (Green & Scharlemann,  2003; Shaffer et  al.,  1998). Such 
examination of isotopic niche over time has been useful for iden-
tifying drivers of population changes in numerous systems includ-
ing invertebrates (Jackson et  al.,  2012; Olsson et  al.,  2009), fish 
(Feiner et al., 2013; Guzzo et al., 2013; Layman et al., 2007), birds 

(Chamberlain et  al.,  2005; English et  al.,  2018) and mammals (Han 
et al., 2019; Szteren et al., 2018).

Among anthropogenic causes of species decline, conversion of 
land for agriculture is consistently ranked among the top drivers of 
species endangerment globally (Czech et al., 2000; Potts et al., 2010; 
Sánchez-Bayo & Wyckhuys, 2019). The negative impacts of agricul-
ture stem from multiple sources, including habitat loss and frag-
mentation (Potts et  al.,  2010; Sánchez-Bayo & Wyckhuys,  2019), 
agricultural intensification (Donald et al., 2001), increased human–
wildlife conflict (Nyhus, 2016) and the use of pesticides and fertil-
izers (Brühl et al., 2013; Mineau & Whiteside, 2013; Sánchez-Bayo 
& Wyckhuys, 2019). While overall impacts of agricultural land use 
on species are well documented, the ecosystem-level impacts are 
less clear. Agricultural land use shifts resource availability at the base 
of trophic networks (i.e. primary producers and insects), leading to 
bottom-up trophic effects known to trigger population fluctua-
tions and can result in species loss (Donald et al., 2001; Kagata & 
Ohgushi, 2006; Muhly et al., 2013). For example, pesticides and fer-
tilizers have been implicated in global insect declines (Sánchez-Bayo 
& Wyckhuys, 2019), which have had cascading effects resulting in 
altered trophic positioning and population declines in vertebrates 
(English et al., 2018).

Conversely, as agricultural systems encroach upon native habi-
tats, cultivated food subsides can provide an easily accessible, high-
quality energy source to wildlife, which might replace or be selected 
for over natural prey (Boggie et al., 2018; Magioli et al., 2014). The 
potential for such subsidies to have population-level impacts is rec-
ognized such that planting cereals and other agricultural food crops 
is recommended widely to promote populations of waterfowl and 
has had demonstrated success in increasing fitness and population 
size (Fox et al., 2017; Ringelman, 1990; Sedinger & Alisauskas, 2014).

Herein, we demonstrate the utility of using reconstructions of 
isotopic niche alongside historic and contemporary land use and pop-
ulation data to infer the causes for population decline. We use the 
eastern spotted skunk Spilogale putorius (hereafter spotted skunk) as 
a case study, given the uncertainty surrounding range-wide declines 
in the early-mid 20th century, including a hypothesized link between 
declines and collapse of a primary food source due to land use change 
(Choate et al., 1973; Gompper & Hackett, 2005). We examine how a 
century of land use change influenced the isotopic niche of spotted 
skunks and compare these trends to those of another generalist me-
socarnivore of similar body size, the striped skunk Mephitis mephitis, 
which did not experience the same magnitude of decline. We spe-
cifically tested the hypothesis that declines of spotted skunks were 
linked to a change in available resources as agricultural practices 
changed and intensified throughout the early 20th century. To ac-
complish this, we assessed the following: (a) changes in land use from 
1880 to 2007, (b) the timing, magnitude and duration of population 
decline for spotted and striped skunks using harvest as an indicator, 
(c) the relationship between spotted and striped skunk harvest and 
land use changes, (d) isotopic composition of spotted and striped 
skunks in response to land use change and the period of decline and 
(e) changes in isotopic niche space relative to the period of decline, 
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comparing the presence and magnitude of isotopic niche parameter 
changes between species.

2  | MATERIAL S AND METHODS

2.1 | Study system

As a result of population declines, the spotted skunk is a spe-
cies of conservation interest and the plains subspecies (S. puto-
rius interrupta) is being considered for listing on the United States 
Endangered Species Act (USFWS,  2012). As a generalist predator 
with a large geographical range, declines are unexpected (Gompper 
& Hackett, 2005). Ecologically similar species, like the striped skunk, 
experienced minor population declines but are considered secure 
(Helgen & Reid, 2016; Landholt & Genoways, 2000; Leopold, 2010). 
Habitat and land use change, overharvest, disease and the introduc-
tion of synthetic pesticides have been hypothesized as drivers of de-
clines (Choate et al., 1973; Gompper & Hackett, 2005). However, the 
timing and spatial distribution of decline are inconsistent with out-
breaks of known diseases and the introduction of synthetic pesticides 
as primary drivers of population decline (Gompper & Hackett, 2005). 
Similarly, low pelt price and a poor correlation between pelt price 
and harvest suggest take of spotted skunks is primarily incidental 
in the pursuit of other target species and not sufficient to implicate 
over-harvesting as a driver of decline (Gompper & Hackett, 2005; 
Sasse & Gompper,  2006). Another hypothesis is that the dynamic 
history of spotted skunks is tied to agricultural practices; yet, it is 
unclear if agricultural changes could explain these rapid, range-wide 
declines (Gompper & Hackett,  2005). Reports indicate that spot-
ted skunks were uncommon throughout much of the Great Plains 
until the late 1800s, but the spread of early agriculture resulted in 
abundant food and cover resources in the form of field crops, stored 
harvest and commensal small mammals, all of which presumably fa-
cilitated rapid population growth and a northward range expansion 
(Choate et al., 1973). The later loss of these resources, as agricultural 
practices changed and intensified through the early-mid 1900s, has 
been proposed as a primary mechanism in spotted skunk decline, but 
this hypothesis has not been examined previously.

For both species, small mammals, arthropods and corn have been 
reported as major diet items (Crabb, 1941; Kelker, 1937; Selko, 1937); 
changes in the availability of these resources could mediate pop-
ulations through bottom-up forces. Arthropods have declined 
generally in response to agricultural practices (Sánchez-Bayo & 
Wyckhuys, 2019), while trends in corn availability over time are more 
complex. In Kansas, the amount of land planted in corn decreased by 
millions of hectares between 1920 and 1930 (United States Census 
of Agriculture). At the same time, the combined use of fertilizers, 
pesticides and clean farming practices have increased crop yields, 
but might result in lower abundance of prey species and reduced 
accessibility. Here we made use of long-term population estimates, 
land use trends and quantifications of isotopic niche to address our 
hypothesis. As a geographical area with thorough historical records 

and the greatest number of specimens, we focused our data collec-
tion to Kansas, USA.

2.2 | Land use

We compiled county level United States Census of Agriculture 
statistics (1890–2007) to assess land use trends. We used average 
farm size and proportion of total land area in active cropping (here-
after “agriculture”) as correlates of agricultural intensity (Guerrero 
et al., 2011; Mineau & Whiteside, 2013) where proportion of total 
land area in cropping describes the landscape-level abundance of 
cropland and average farm size describes the aggregation of smaller, 
diversely planted family and substance farms into larger farms 
planted in fewer, often high yield crops. Most agricultural crops com-
mon to the Great Plains (e.g. wheat, hay, oats and flaxseed) have 
C3 photosynthetic pathways and, as a result, are characterized by 
low δ13C values. Corn is a common exception with high δ13C val-
ues due to its C4 photosynthetic pathway. Corn and corn derivatives 
are commonly consumed by wildlife, including skunks, and are often 
identified in the isotopic niche (Alisauskas & Hobson, 1993; Murray 
et  al.,  2015; Newsome et  al.,  2010; Wassenaar & Hobson,  2000). 
Thus, given the potential importance and detectability of corn as a 
primary food source, we also compiled data on the proportion of 
total land area actively farmed in corn (hereafter “corn”).

2.3 | Population trends

To establish baseline population trends for both skunk species, 
we examined effort corrected fur harvest records (Gompper & 
Hackett,  2005; Leopold,  2010; Sasse & Gompper,  2006). Harvest 
data are often used to infer historic population trends; however, 
we note that these data, in part, represent the number of pelts sold 
within the state and may not be proportional to the number of ani-
mals killed within the state. We compiled all available harvest data 
on striped (1928–2011) and spotted skunks (1928–1978), alongside 
pelt price, the number of licenses sold and trapping season length 
from publications of the Kansas Fish and Game Commission and the 
United States Fish and the Wildlife Service Wildlife Leaflets Series. 
Pelt prices for Kansas were only available for 1961–1979 so pelt 
prices from a neighbouring state (Missouri) were used from 1928 
to 1960. All prices were adjusted for inflation using the consumer 
price index (United States Department of Labor, Bureau of Statistics, 
www.BLS.gov). Annual effort was estimated by multiplying season 
length by the number of licenses sold each year. We modelled har-
vest for each species as a function of pelt price, effort and year 
using a generalized linear model with a Gamma distribution for the 
residuals and a log link function via the glm function in Program R 
(Bolker, 2008; R Core Team, 2019). For both species, we assessed 
state-level correlations between predicted harvest and corn, agricul-
ture and farm size using Spearman rank correlations and adjusted for 
multiple comparisons using Bonferroni corrections.
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2.4 | Stable isotope analysis

To assess dietary change, we sampled all available adult spotted 
and striped skunks from museum collections and supplemented 
samples with opportunistic road collections. We sampled guard 
hairs, which remain biochemically unchanged after the period of 
growth, thus permitting analysis during the same seasonal window 
(i.e. August through October) for all skunks (Gannes et al., 1998). 
Guard hairs in the same growth phase were plucked from the 
dorsal surface of the skin, immediately anterior to the pelvic 
girdle then washed in chloroform for 24  hr. Multiple hairs from 
each individual were cut into 5  mm sections, homogenized, and 
0.4 mg of sample was placed into tin capsules. Samples were then 
analysed for carbon (13C) and nitrogen isotopes (15N) using a GV 
Instruments Isoprime mass spectrometer with a Costech elemen-
tal analyzer (Raymond W. Lee lab, Washington State University, 
Pullman, WA, USA). All stable isotope data were reported in per 
mil notation (δX  =  [Rsample/Rstandard)  −  1]  ×  1,000, where R is the 
stable isotope ratio 13C/12C or 15N/14N). Instrument precision was 
±0.02‰ for δ13C and ±0.00‰ for δ15N based on the repeated 
measure of 29 in-house standards (albumin; δ13C: −16.3‰, δ15N: 
3.87‰). Repeated analysis of hair samples indicated sampling 
variability of 0.50‰ ± 0.49‰ for δ13C and 0.75‰ ± 0.71‰ for 
δ15N. We focused on these commonly used isotopes as they re-
flect variation in the value of the baseline resources consumed 
as well as predictable patterns of fractionation of stable isotopes 
that occur within an animal's body as biochemical processes turn 
food into tissue (Fox-Dobbs et al., 2007; Urton & Hobson, 2005). 
Specifically, δ13C values reflect the photosynthetic pathways of 
the primary producers at the base of food webs, here C3 and C4 
plants (C3 mean = −27‰ range: −35‰ to −22‰; C4 mean = −13‰ 
range: −14‰ to −10‰;) with minor fractionation as it is incorpo-
rated into mammalian hairs (1.6‰), and δ15N values increase by 
~3.8‰ with each increase in trophic level (Hobson & Quirck, 2014; 
Matson et al., 2012). Isotopic values for carbon were standardized 
to the year 1900 following Terry (2018) to account for the atmos-
pheric shift in δ13C values due to burning of fossil fuels (i.e. the 
Suess Effect, Keeling, 1979).

2.5 | Isotopic shifts

We used all subsets regression and an information theoretic ap-
proach to examine directional changes in each δ13C and δ15N val-
ues through time by species and in response to agriculture, average 
farm size and corn. Interactions between corn and farm size, spe-
cies and all land use variables, and the three-way interaction of 
species × corn × farm size were also considered. If changes in δ13C 
and δ15N values corresponded to species declines, we predicted the 
relationship between year and isotope parameters would be nonlin-
ear over the period of investigation, as such we also considered the 
quadratic effect of year. Finally, to control for the effects of aridity 
on carbon and nitrogen isotope values of plants, we also considered 

the variables precipitation and temperature (Ambrose,  1991; 
Diefendorf et  al.,  2010). Daily precipitation and maximum daily 
temperature were obtained from the nearest weather station to 
the georeferenced location for each specimen using the rnoaa 
package in Program R and averaged over the period of hair growth 
(Chamberlain, 2019). We assessed violations of model assumptions 
for the global model by examining residuals against fitted values, 
testing for outliers, and for multicollinearity using variance infla-
tion factors for the global model without interactions. We used 
Akaike Information Criterion corrected for sample size (AICc) to 
evaluate models and considered models with a ΔAICc ≤ 2.0 to have 
support (Burnham & Anderson,  2002). We assessed the fit and 
explanatory power of the models by including an intercept-only 
null in each candidate model set and using adjusted R2. Inferences 
were made based on model-averaged predicted values, averaged 
across all models and calculated using the aiccmodavg package in 
program R (Arnold, 2010; Burnham & Anderson, 2002; Cade, 2015; 
Mazerolle, 2020).

2.6 | Isotopic niche breadth

Both spotted and striped skunks were binned a priori into three 
treatment groups in reference to periods when spotted skunks 
populations in Kansas were thought be stable or increasing 
(≤1925), declining (1926–1944) and after populations roughly sta-
bilized post-decline (≥1945; Choate et  al.,  1973). Isotopic values 
for both species and treatment bins were plotted in a bivariate 
δ-space, with the reconstructed isotopic niche space calculated 
by using SIBER (Stable Isotope Bayesian Ellipses in R) version 
2.1.4 (Jackson et al., 2011) to produce Bayesian standard ellipse 
areas (SEAb). The SEAb were compared across bins and changes 
in niche breadth inferred based on overlap of the Bayesian cred-
ible intervals (Arnold, 2010; Cumming & Finch, 2015; Hespanhol 
et al., 2019).

3  | RESULTS

3.1 | Land use

The percent of each county planted in corn declined abruptly be-
tween the 1930 and 1934 census (13.3 ± 9.3% to 6.6 ± 7.2%, respec-
tively; Figure  1). Declines continued until 1969 (2.8  ±  4.1%), then 
steadily increased leading up to the 2007 census (7.7 ± 7.0%). Prior 
to 1969, corn was primarily grown in eastern Kansas but modern 
increases have occurred predominantly in western Kansas (Figure 
S1). No state-level trends in the amount of land planted in agricul-
ture were apparent from census data (Figure 1; Figure S2); however, 
there were regional shifts to lower proportion agriculture in east-
ern Kansas and increased agriculture in western Kansas in the early 
1900s. The highest proportion of agricultural land occurred consist-
ently in central Kansas. Farms were largest in western Kansas in all 
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years and size increased steadily from 1910 (127.6 ± 77.4 ha) to 2007 
(369 ± 195.6 ha; Figure 1; Figure S3).

3.2 | Population trends

Total spotted skunks harvested declined from 107,277 in 1928 to 
<200 in the 8  years preceding trapping season closure in 1978. 
Total striped skunks harvested also showed a decline from 279,647 
in 1928, to 12,755 in 2010. Trapping effort was a significant pre-
dictor of harvest for both species (Table 1). We found no evidence 
that pelt price drove harvest of spotted skunk, but pelt price was 
a significant predictor harvest for striped skunks. Decreasing har-
vests were evident for both striped (pseudo-R2  =  0.99) and spot-
ted skunks (pseudo-R2 = 0.99) after controlling for effort and pelt 
price (Figure 2). The period of greatest predicted decline occurred 
between 1928 and 1929, the earliest harvest data recorded for both 
species. Comparison of the 95% prediction intervals at the onset of 
trapping records suggested predicted corrected harvests for both 
species were comparable at the onset of trapping records, after 
which predicted spotted skunk harvests declined more rapidly than 

striped skunk harvests and declined to considerably lower harvests 
than those observed for striped skunks.

Declining harvests for spotted skunk were negatively correlated 
with the proportion of corn and farm size and appeared to coincide 
with large state-wide changes in these variables (Table 2). No cor-
relation between spotted skunk harvest and agriculture was evident. 
For striped skunk, farm size was correlated with harvest but not corn 
or agriculture.

3.3 | Isotopic niche shifts

We sampled 90 striped and 89 spotted skunks collected between 
1887 and 2012 from the FHSU teaching, MHP, KU, MVZ, USNM, 
TWTC and UMMZ collections (Figure S4). We identified six top 
models explaining the effect of landscape on δ13C values (Table 3; 
Table  S1). The variables species  ×  corn, corn  ×  farm size, spe-
cies  ×  average farm size and the quadratic effect of year were 
present in all top models. We found minimal support for the 

F I G U R E  1   State mean farm size (pasture and agriculture; 
black triangles), proportion of total land area planted in corn 
(grey circles) and proportion of total land area in agriculture (blue 
circles) according to the United States Census of Agriculture 
1890–2007
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TA B L E  1   Coefficients (SEs), t values 
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F I G U R E  2   Predicted harvest and 95% prediction intervals for 
spotted skunk (solid, dark grey) and striped skunk (dot-dashed, 
light grey) in Kansas corrected for pelt price and trapping effort. 
The vertical dashed line marks the year (1978) trapping season for 
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inclusion of agriculture, temperature and precipitation, which 
were each considered in only one top model. Model averaged 
predictions when all other covariates were held at their means 
indicated that spotted and striped skunk δ13C values decreased 
between 1890 and 1933 (Figure 3a). After 1933, predicted δ13C 

values stabilized for both species. Predicted spotted skunk δ13C 
values were higher when corn was prevalent on the landscape; 
however, there was a slightly negative correlation between pre-
dicted δ13C values and the proportion of corn planted for striped 
skunks (Figure 3b). For spotted skunk, higher predicted δ13C val-
ues were associated with larger farms, while no trend was appar-
ent for striped skunks (Figure 3c). When corn was prevalent on 
the landscape, predicted δ13C values increased with farm size for 
both species (Figure 3d); however, widening prediction intervals 
suggested predictive ability was lost at values of farm size most 
common after 1950 (Figure S5).

Seven models were supported to describe the landscape level 
impacts on δ15N values of spotted and striped skunks (Table  3; 
Table S2). There was considerable support for the effects species, 
corn and a quadratic effect of year, which were included in all top 
models, and some support for the effect of farm size which was in-
cluded in six top models. We found minimal support for the inclu-
sion of agriculture and temperature, which were considered in only 
1 and 2 top models, respectively. Precipitation was not included 
in any top model. When all covariates were held at their means, 
model averaged predictions indicated spotted skunks had higher 

TA B L E  2   Correlations (rho and Bonferroni corrected p values 
presented) between predicted spotted (Spilogale putorius; 
N = 10) and striped skunk (Mephitis mephitis; N = 14) harvest and 
landscape variables proportion of total land area in active cropping 
(Agriculture), proportion of total land area planted in corn and farm 
size at the state level. Data from Kansas spotted skunks: 1925–
1974 and striped skunks: 1920–2007

Species Variable rho p

Spotted skunk Agriculture 0.217 1.000

Corn 0.902 <0.001

Farm size −0.984 <0.001

Striped skunk Agriculture 0.103 1.000

Corn 0.526 0.106

Farm size −0.967 <0.001

TA B L E  3   Models assessing the influence of land use including farm size, proportion of total land area planted in corn and proportion of 
total land area in active cropping (Agriculture), species, year and temperature and precipitation on the δ13C and δ15N values of spotted and 
striped skunks in Kansas 1887–2012. All models with interactions contained main effects. Top models (i.e. ΔAICc < 2.0) and the intercept-
only null models are shown

Model Ka 
Relative 
likelihoodb  ΔAICc

c  wd

i
Deviance

Adjusted 
R2

δ13C Year2 + Species × Corn + Farm Size × Corn + 
Farm Size × Speciese 

10 1.000 0.00 0.117 733.079 0.269

Year2 + Species × Corn + Year × Species + 
Farm Size × Corn + Farm Size × Species

11 0.514 1.33 0.060 729.250 0.269

Year2 + Species × Corn + Farm Size × Corn + 
Farm Size × Species + Temperature

11 0.427 1.70 0.050 730.757 0.267

Year2 + Species × Corn + Species × Farm Size × Corn 11 0.405 1.81 0.047 731.209 0.267

Year2 + Species × Corn + Farm Size × Corn + 
Agriculture + Farm Size × Species

11 0.389 1.89 0.045 731.515 0.266

Year2 + Species × Corn + Farm Size × Corn + 
Precipitation + Farm Size × Species

11 0.345 2.13 0.040 732.482 0.265

Null 2 0.000 47.10 0.000 1,050.21

δ15N Year2 + Species + Corn + Farm Sizee  7 1.000 0.00 0.053 386.136 0.280

Year2 + Species + Corn × Farm Size 8 0.687 0.75 0.037 384.992 0.282

Year2 + Species + Corn + Farm Size + Temperature 8 0.647 0.87 0.035 385.716 0.282

Year2 + Year × Species + Corn + Farm Size 8 0.436 1.66 0.023 394.691 0.278

Year2 + Species + Corn 6 0.415 1.76 0.022 385.589 0.269

Year2 + Species + Corn × Farm Size + Temperature 9 0.405 1.81 0.022 383.032 0.283

Year2 + Species + Corn + Farm Size + Agriculture 8 0.379 1.94 0.020 383.284 0.277

Null 2 0.000 53.40 0.000 552.140

aK is the number of parameters in the model. 
bRelative Likelihood = exp(−0.5 × ΔAICc), the likelihood ratio of the given model to the top model. 
cΔAICc is the difference in the AICc between a given model and the top model. 
dwi is the AICc weights, or the probability that of the models tested the given model fits the data best. 
eAICc of the top model = 781.7 (δ13C) and 660.3 (δ15N). 
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936  |    Functional Ecology CHEESEMAN et al.

δ15N values than striped skunks (Figure  4a). Predicted δ15N val-
ues for both skunk species increased until 1960. After 1960, there 
was a trend towards lower δ15N values for both species; however, 
predictive ability during this period was low as evidenced by wid-
ening 95% prediction intervals. Both spotted and striped skunk 
δ15N values increased as the prevalence of corn increased from 0% 
to 30% of the landscape (Figure 3b) and with increasing farm size 
(Figure 4c), but widening prediction intervals suggested predictive 
ability was again lost at values of corn and farm size most common 
after 1950 (Figure S5).

3.4 | Isotopic niche breadth

The isotopic niche breadth for both spotted (Figure 5a) and striped 
skunks (Figure 5b) reflected alterations in both the axis of high-
est variation and eccentricity between pre- and during population 
declines compared to the post-decline bins. Following popula-
tion decline, the mean isotopic niche breadth of spotted skunks 
increased from 10.8 (95% CI: 7.8, 14.1, N = 43) to 24.6 (95% CI: 
14.6, 35.9, N = 20; Figure 5c). This expansion appeared to primar-
ily result from increased use of diet items with divergent δ15N 

F I G U R E  3   Model averaged predictions 
and 95% prediction intervals for the 
relationship between δ13C values and (a) 
time, (b) the proportion of corn planted 
in the county, (c) average farm size at low 
prevalence of corn and d) average farm 
size at high prevalence of corn for spotted 
skunks (blue, dark) striped skunks (grey, 
light) when all other covariates are held 
at their mean values. Data collected from 
Kansas 1887–2012. Observed values for x 
variables of both species shown in rugs for 
plots (a) and (b)
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values. Although mean isotopic niche breadth of striped skunks 
also increased slightly between pre-decline (x = 8.4, 95% CI: 5.8, 
11.3, N = 38) and post-decline periods (x = 10.8, 95% CI: 7.1, 15.0, 
N = 29), we did not find a clear difference between the two groups 
(Figure 5d).

4  | DISCUSSION

Inferring the cause of historic declines in species is challenging, yet 
necessary for disentangling the primary drivers of population de-
cline and determining appropriate conservation actions. Herein, we 
demonstrate that by coupling temporal isotopic niche reconstruc-
tions with land use and population data, it is possible to garner an 
increased understanding of the causes of past population declines. 
For Kansas spotted skunks, these methods highlight a transition 
from C4-plant-based trophic systems and other basal trophic re-
sources towards higher trophic level prey in a C3-dominated system. 
Observed isotopic niche restructuring corresponded to the period of 
decline and dramatic land use changes across the state, supporting 
the hypothesis that the loss of a major and abundant basal resource 
(i.e. the C4 plant corn) alongside land use changes, resulted in trophic 
network restructuring, isotopic niche expansion and subsequent 
population declines of spotted skunks.

Where ecosystems are highly dependent on a few key re-
sources, a reduction in availability of these resources can lead to 
dramatic changes in ecosystem function and bottom-up trophic 
cascades (Hobart et  al.,  2019). Agriculture, in particular corn, 
has become a common food subsidy for wildlife including skunks 
(Crabb,  1941; Kelker,  1937; Selko,  1937) and a foundation of 

many trophic systems (Magioli et  al.,  2014; Boggie et  al.,  2018). 
Meanwhile, historically abundant natural prey such as insects have 
become less abundant as a result of increased use of pesticides 
and fertilizers (Sánchez-Bayo & Wyckhuys, 2019). For skunks, the 
reliance on corn kernels as a food source and corn-derived trophic 
systems likely increased throughout the 19th and 20th centuries 
as farm size increased and a combination of habitat loss to agri-
culture, reduced juxtaposition of agricultural and natural habitats, 
and the loss of other more natural prey sources created a novel 
baseline community structured around corn. Our data supported a 
historic reliance on C4-based trophic systems by skunks. The mod-
elled relationship between high δ13C values and the abundance of 
corn on the landscape suggests that reduced reliance on C4 sys-
tems is directly tied to the abundance of corn. Furthermore, this 
relationship suggested that reliance increased as a metric of agri-
cultural intensification, farm size, increased possibly due to loss 
of alternative crops or other natural resources. Furthermore, pre-
dicted increases in δ15N values suggested that both skunk species 
shifted towards consuming higher trophic level prey through the 
early 1900s, a trend that occurred to a greater degree in spotted 
skunks and was apparent when controlling for corn and farm size. 
Increased δ15N values have been associated with expanded agri-
cultural land use and a corresponding rise in fertilizer use; how-
ever, there was no support for variable δ15N values by the amount 
of agricultural land in our study (Hebert & Wassenaar,  2001). 
Furthermore, while δ15N values of different fertilizers are highly 
variable, organic fertilizers typically have higher δ15N values than 
synthetic fertilizers (Bateman & Kelly, 2007). As a result, if changes 
in fertilizer use over time drove δ15N values of skunks, δ15N values 
should decrease over time as fertilizer use shifted from organic 

F I G U R E  5   Orientation of the SIBER 
standard ellipsoids encapsulating the 
isotopic niche space and 95% CIs of 
(a) spotted skunk and (b) striped skunk 
pre-population decline, during decline, 
and post-population decline. The median 
Bayesian standard ellipse area and 95%, 
75% and 50% CIs, quantifying niche space 
is also shown for (c) spotted skunk and 
(d) striped skunk during these periods. 
Data collected from Kansas 1887–2012. 
Numbers above CIs indicate sample size

(a) (b)

(c) (d)
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to synthetic fertilizers in the early-mid 1900s. However, we ob-
served the opposite, suggesting temporal trends were indicative 
of a historical diet based on lower trophic levels. These trends to-
wards lower δ15N values suggest a historic reliance on corn kernels 
or a simplified trophic structure in prey species and subsequent 
shift to higher trophic level prey rather than a decrease resulting 
from changes in fertilizer use. High δ15N values were also apparent 
as corn and as farm size increased; however, we lost predictive 
power for these trends at values that were observed most fre-
quently after the early 1900s. We suggest that these trends might 
have been driven by early associations between skunks and use 
of fertilized agricultural land prior to the advent and widespread 
adoption of synthetic fertilizers. Alternatively, these trends could 
result from more complex trophic networks in these areas.

Changes in a population's niche space can result from altered 
resource availability or accessibility, due to factors such as novel 
interspecific interactions or alterations to the abiotic landscape 
(Scheele et al., 2017). For spotted skunks, the loss of a central di-
etary resource may have triggered a clear increase in the isotopic 
diversity of prey items taken. Declines in primary resources often 
result in increased dietary niche width for generalist foragers as 
alternative resources are increasingly incorporated (Korotkevich 
et al., 2018; Svanback & Persson, 2004; Wilson & Turelli, 1986). 
This trophic plasticity might allow individuals to incorporate novel 
resources, which can result in population growth and increased 
density; similarly, loss of high-quality resources can incur fitness 
consequences (Hobart et al., 2019). Skunk dietary isotopic niche 
space historically reflects behavioural specialization towards corn 
and corn-derived trophic systems, which were highly abundant in 
the late 1800s through the 1920s, and is supported by diet stud-
ies from this time (Crabb, 1941; Selko, 1937). Other authors have 
noted anecdotal reports that spotted skunks were rare or not pres-
ent in the Great Plains prior to the proliferation of agriculture and 
hypothesized that the availability of agricultural subsidies, such as 
corn kernels, particularly during winter might have inflated pop-
ulations above historic baselines and permitted range expansion 
(Choate et al., 1973). The later loss of corn as an abundant food 
resource likely resulted in increased reliance on alternative prey 
sources. As small vertebrates and invertebrates were commonly 
consumed in the absence of corn (Crabb, 1941; Selko, 1937), a gen-
eral trend towards increased use of these higher trophic level prey 
where corn was less abundant would be expected. Notably, these 
resources also likely had a higher foraging cost than corn where 
corn was abundant, particularly as many prey species experienced 
concurrent declines, which could have resulted in lower spotted 
skunk survival and fecundity rates and subsequent population de-
clines. Regardless of the initial drivers of population growth, our 
data suggested that the collapse of a historically important pri-
mary food source in this region, corn, resulted in niche restructur-
ing and these changes were consistent with population declines of 
spotted skunks in the Great Plains.

While spotted skunks restructured their isotopic niche space 
in response to a reduction in corn plantings, there is no indication 

of population-scale isotopic niche expansion in striped skunks 
over similar spatiotemporal scales. Given that both skunks have 
similar ecologies as opportunistic generalists, this mismatch in 
niche dynamics over the past century further suggests that spot-
ted skunk's increased dietary niche breadth was a result of reduc-
tion in corn-centric trophic networks rather than a shift in baseline 
δ13C and δ15N values over time. One potential reason why the re-
duction in corn had a disproportionate impact on spotted skunks is 
that there is a significant difference in body mass between the two 
mustelids, with striped skunks being on average 5 kg heavier than 
spotted skunks (Kinlaw,  1995; Wade-Smith & Verts,  1982). For 
mammalian carnivores, body mass is the leading factor for deter-
mining competitive dominance and is critical in dictating the meta-
bolic needs of a species (Palomares & Caro, 1999). Being the larger 
of the two species, striped skunks would have been more likely 
to retain access to preferred resources, forcing competitively in-
ferior spotted skunks to pursue other habitats and prey items as 
corn resources diminished. Furthermore, spotted skunks have 
higher metabolic needs than striped skunks during winter when 
striped skunks undertake seasonal torpor in underground dens 
while spotted skunks remain active. As such, spotted skunks may 
have had a heavier reliance on agricultural food subsidies to sup-
port populations during winter food scarcity than striped skunks 
making them more susceptible to negative impacts of their loss 
(Crabb,  1948; Wade-Smith & Verts,  1982). As litter sizes among 
skunks are highly variable, with delayed implantation and number 
of litters depending greatly on resource availability, the effects of 
competitive dominance and dietary resource exclusion combine 
to achieve profound impacts on population dynamics over time 
(Godin, 1982; Mead, 1968, 1981). Thus, spotted skunks are likely 
to be more susceptible to population declines under less optimal 
foraging conditions.

5  | CONCLUSIONS

Our results demonstrate the utility of combining reconstructions 
of historic isotopic niche space and land use data to infer the cause 
of enigmatic historic population declines. The availability of his-
toric land use data and museum collections as a rich source of his-
toric isotope data increasingly allow for backwards assessment of 
historical dietary niche dynamics in relation to landscape change. 
As such, we believe these techniques have broad applicability in 
identifying the causes of population declines in other taxa. For 
spotted skunks, correlations between land use data, isotopic niche 
and population declines suggest that historic changes to agricul-
tural land use triggered a restructuring of the isotopic niche of 
spotted skunks to increase the variety in prey sources. This gen-
eralist dietary space was likely to be insufficient to support the 
energetic demands of spotted skunks while the potentially com-
petitively dominant and metabolically buffered striped skunks 
remained relatively unaffected. Our results indicate that spotted 
skunk conservation efforts could be bolstered by management of 
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trophic networks to increase the quality of food resources avail-
able to spotted skunk populations.
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