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Predicted climate-induced reductions in scavenging in eastern
North America
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agement actions. Using a long-term dataset from camera traps deployed with animal

Funding information eastern USA, we investigated the relative impact of climate and humans on the species
US Department of Agriculture richness and diversity of vertebrate scavengers. Our most supported models for both
mammalian and avian scavengers included climatic, but not human, variables. The rich-
ness of mammalian and avian scavengers detected was highest during relatively warm
(5-10°C) and dry (100-150 mm precipitation) winters, when food was likely limited and
both reliance on and detection of carrion was high. The diversity of mammalian and avian
scavengers detected was highest under drier conditions. We then used these results
to project the future species richness of scavengers that would be detected within our
sampling area and under the climate scenario of 2070 (emissions level RCP8.5). Our pre-
dictions suggest up to 80% and 67% reductions, respectively, in the richness of avian and
mammalian scavengers that would be detected at baited sites. Climate-induced shifts in
behavior (i.e., reduction in scavenging, even if present) at this scale could have cascading
implications for ecosystem function, resilience, and human health. Further, our study
highlights the importance of conducting studies of scavenger community dynamics
within ecosystems across wide spatial gradients within temperate environments. More
broadly, these findings build upon our understanding of the impacts of climate-induced
adjustments in behavior that can likely have negative impacts on systems at a large scale.
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1 | INTRODUCTION food webs, although it is often underappreciated (Moleén et al.,

2014; Wilson & Wolkovich, 2011). Scavenging species are valuable
Complex networks of ecological interactions maintain biodiversity members of ecosystems as they stabilize food webs (DeVault et al.,
(Bascompte et al., 2006). Scavenging is one such network within 2003; Wilson & Wolkovich, 2011) and remove decaying organic
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matter (Cirovi¢ et al., 2016; O'Bryan et al., 2018), which ultimately
reduces disease transmission (O'Bryan et al., 2018; Ogada et al.,
2012) and promotes nutrient recycling (Gharajehdaghipour et al.,
2016; Payne & Moore, 2006; Wilson & Read, 2003). Communities
with species-rich assemblages of scavengers are also suggested to
have higher ecosystem stability due to the complex networks of
pathways within the food web (Moleén, Sdnchez-Zapata, Margalida,
et al., 2014; Sebastian-Gonzalez et al., 2016), meaning that these

systems could be more resilient to environmental changes.

Global change (i.e., changing climate and increasing human im-
pact) may alter important ecological interactions (Sebastian-Gonzalez
et al., 2019). It is suggested that vertebrate scavenger species rich-
ness is strongly negatively affected by humans (Sebastian-Gonzalez
et al., 2019). In some environmental settings, higher human popula-
tion density can reduce scavenger richness and diversity due to hab-
itat fragmentation and fatality from conflict or road deaths (Crooks
et al.,, 2011; Hagen et al., 2012; McKinney, 2008; Planillo et al., 2018;

Sebastian-Gonzalez et al., 2019; Treves & Karanth, 2003). Conversely,

TABLE 1 A priori hypotheses that could explain the effect of climatic and anthropogenic variables on the richness and diversity of
vertebrate scavenger species detected at camera traps placed over a 1881-km latitudinal gradient during winter in the Appalachian
Mountains of eastern North America. The direction indicates its effect on scavenger species richness and diversity, where T = increase and

J = decrease

Hypothesis Conditions Direction

Climatic

Snowpack Cold and wet T

Physiological tolerance Cold and dry 1

Dry snow drought Cold and dry T

Warm snow drought Warm and wet T4

Interkingdom competition Warm and wet 1

Compounded snow Warm and dry T
drought

Stability Variable l

Anthropogenic

Provisioning Higher human T

density
Conflict Higher human l

density

Justification

Low winter temperature increases reliance on valuable protein, but deep
snow makes it difficult to find and/or physically access live prey or non-
carrion food items (Needham et al., 2014; Selds & Vik, 2006; Watson
et al., 2019), increasing richness and diversity of species scavenging

Cold and arid conditions are difficult for many species to physically tolerate
and thus persist (Currie et al., 2004). So, there will be fewer species
present, decreasing richness and diversity of species scavenging

A dry snow drought occurs when there is a lack of winter precipitation
(Harpold et al., 2017). Low winter temperature increases reliance on
valuable protein, but the lack of precipitation affects many food sources,
making it difficult to find sufficient live prey or non-carrion food items
(Brown et al., 2006; Dierauer et al., 2019), increasing richness and
diversity of species scavenging

A warm snow drought occurs when there is a lack of snow accumulation
due to increased temperature and/or early snow melts (Harpold et al.,
2017). Under these mild winter conditions, fewer herbivore starvation
mortalities occur (Wilmers & Getz, 2005) which could lead to higher
reliance on the fewer available carcasses, increasing richness and
diversity of species scavenging. Conversely, these conditions may
facilitate live-prey or other food acquisition, lessening the reliance on
scavenging, decreasing richness and diversity of species scavenging

Increased microorganism and invertebrate activity can lead to vertebrates
being outcompeted and carcasses not persisting long enough to be
utilized (DeVault et al., 2004; Ray et al., 2014), decreasing richness and
diversity of species scavenging

The cumulative effect of low precipitation (dry snow drought) and early snow
melts (warm snow drought) can lead to difficulty in finding sufficient live
prey or non-carrion food items (Brown et al., 2006; Dierauer et al., 2019),
increasing richness and diversity of species scavenging

High variation in local climate makes it difficult for many species to adapt
to local conditions, as well as physically tolerate these fluctuations and
thus persist in the area (Currie et al., 2004; Ricklefs, 2004), so there will
be fewer species present and thus fewer species scavenging decreasing
richness and diversity of species scavenging

Species exploit resources provided by humans (Lambertucci et al., 2009;
Newsome et al., 2015), increasing richness and diversity of species
scavenging

Habitat fragmentation and mortality from conflict or road deaths will lead
to human avoidance (Crooks et al., 2011; Planillo et al., 2018; Sebastian-
Gonzalez et al., 2019; Treves & Karanth, 2003), decreasing richness and
diversity of species scavenging
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carrion provisioning in areas of high human density (e.g., from hunt-
ing, livestock, roadkill) could lead to increased vertebrate scavenger
species richness and diversity (Lambertucci et al., 2009; Newsome
et al., 2015). Thus, alternative scenarios imply that scavenging could
become more prevalent under future human impact, maintaining
higher scavenger species richness in some areas.

Many nominal predators switch from hunting to scavenging when
conditions make it difficult to find live prey, such as during winter at
temperate latitudes (Needham et al., 2014). Winter in temperate ecosys-
tems is typically a period of high energetic demand and low food avail-
ability (Young, 1976) and, consequently, both obligate and facultative
scavengers rely heavily on carrion during winter to gain valuable protein
(Crabtree & Sheldon, 1999; Needham et al., 2014; Peers et al., 2018).

There are several potential hypotheses that could explain how
scavenging rates are influenced by climate during winter in temperate
regions (Table 1). All these climate hypotheses relate to temperature
(i.e., cold or warm winters) and precipitation (i.e., wet or dry winters).
Average winter conditions in temperate regions are snowy (i.e., cold
and wet), but snow droughts (Harpold et al., 2017) are becoming more
common. A warm snow drought occurs when the amount of winter
precipitation is average, but the winter temperature is above-average
(i.e., warm and wet), causing early season snow melts (Harpold et al.,
2017). Deep snow can make it difficult to find or physically access live
prey or non-carrion food items (Needham et al., 2014; Selas & Vik,
2006; Watson et al., 2019), increasing reliance on scavenging (i.e., the
snowpack hypothesis). On the other hand, warm snow droughts can
reduce carrion availability due to fewer winter starvation mortalities
(Wilmers & Getz, 2005) and, although these conditions reduce car-
cass availability, they may also facilitate live-prey or other food acqui-
sition, lessening the reliance on scavenging.

Both facultative and obligate scavengers rely heavily on scav-
enging during temperate winters, but these winters are becoming
milder and are predicted to continue this trajectory into the near
future (IPCC, 2014; Romero-Lankao et al., 2014). Therefore, under-
standing the mechanisms driving scavenging behavior during this
time of high reliance is of great importance (Williams et al., 2015).
Furthermore, the rate of human development and climate change
differs across the globe, so it is also important to understand the
potential additive effect of these factors on scavenging communi-
ties. For example, Sebastian-Gonzalez et al. (2019)'s global review
found a strong impact of humans, but not climate, on the species
richness of scavengers. Yet, the majority of studies included were
in areas of relatively high human impact and, as noted by the au-
thors, were unbalanced in space and lacked representation from a
range of biomes (Sebastian-Gonzalez et al., 2019). Therefore, more
studies are needed at the biome or regional scale across a range
of human impacts and climates to fully understand the effects of
global change on scavenging species. Further, understanding the
influence of human disturbance and climate on scavenging com-
munities is important in temperate ecosystems, particularly during
winter when reliance on scavenging is expected to be highest.

To understand how climatic conditions and human disturbance
influence scavenger communities, we evaluated support for the

S i ey

competing climatic and anthropogenic hypotheses we outlined
above (Table 1) on richness and diversity of both mammalian and
avian scavengers. Data for this study were collected during winter
months from a latitudinal gradient of temperate conditions in the
greater Appalachian region of the eastern USA. We then used these
data to parameterize models investigating potential changes in scav-
enger species richness that could be expected from climate change

in our study area in 50 years' time.

2 | MATERIALS AND METHODS

2.1 | Studyarea

A large group of community scientists established and oper-
ated a camera trap network of >180 sites during the winters of
2008-2017 in the greater Appalachian region of the eastern USA
(Jachowski et al., 2015). This effort created an extensive dataset
with samples from across the entire latitudinal gradient of the
Appalachian Mountain range from Alabama to Maine, and over
multiple winters. This region goes from sub-tropical/warm tem-
perate to cold temperate/boreal and thus encompasses a large
gradient of winter severity. For example, average January high and
low temperature in Mobile, southern Alabama is 16 and 4°C, re-
spectively, with, on average, 0-cm snow (U.S. Climate Data, 2020).
In contrast, average January high and low temperature in Caribou,
northern Maine is =7 and -17°C, respectively, with on average
64 cm of snow (U.S. Climate Data, 2020). As this project expanded
greatly in 2013, we considered input data from all sites used pre-
2013 as well as from sites post-2013 that had been active for more
than one winter. From here, we then created species accumulation
curves for each site using the R package vegan (Oksanen et al.,
2019) and excluded individual site winters that did not reach an
asymptote. Ultimately, this left us with n = 129 sites (100% MCP
of study area 716,982 km?; 31°-44°; 1,881 km distance, mean el-
evation of 571 m [range = 1-1221 m]; Appendix S1). Our study
region was heavily forested, with relatively low human impact (see
Section 2.4 below).

Sites were located on a mix of private and public land and, in col-
laboration with landowners, each site was fitted with a non-invasive
motion-sensitive camera trap (multiple brands were used) set to
record an image with a delay of 21 min between images. Each site
was baited with carrion, usually the carcass of a white-tailed deer
(Odocoileus virginianus) but sometimes of domestic or feral livestock,
which was secured to the ground and replaced when depleted.
Monitoring at sites was standardized with a uniform protocol where
volunteers visited sites weekly to check cameras and replace car-
casses that were largely consumed (for more details, see Jachowski
et al., 2015).

Not every site was monitored for each of the 9 years of the study
(Table A1.1), so our final dataset included 10,953 survey effort days
across 231 individual site winters and ~3 million images. The cameras
remained active exclusively during winter months (November-April)
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to coincide with the period when mammalian and avian carnivores
are likely at their physiological limits due to cold weather and limited
food sources. We assumed that this timing would increase the like-
lihood of observing scavenging, non-hibernating carnivores at the
carcasses. In addition, by focusing on a period when American black
bears (Ursus americanus) are generally inactive and thus not domi-
nant at carcasses (Allen et al., 2014; Gamez-Brunswick & Rojas-Soto,
2020) the cameras likely provide the fullest possible picture of the

scavenging community at each site.

2.2 | Species identification

To extract information about the scavenger species' presence at
each site, two experienced team members classified the daily pres-
ence or absence of each species per site from photographs. We
subsequently consolidated this to record the presence-absence of
each species per site per winter season. Due to the difficulty in dif-
ferentiating Corvus species (e.g., fish crow [C. ossifragus], American
crow [C. brachyrhynchos], and common raven [C. corax]) in camera
trap images, we collapsed these species into Corvus spp. We consid-
ered only scavengers in the final analyses (i.e., those that incorpo-
rate meat in their diet); by-catch species such as white-tailed deer
walking in front of the camera, and domestic cats (Felis catus) and
dogs (Canis lupus familiaris) were not included. While we acknowl-
edge domestic dogs can have important role in scavenging, we did
not observe free-ranging dogs in our study, only those accompany-
ing community members. Further, to strengthen our inference, we
retained for analysis only species that were detected at >3 individual
site winters. To calculate our responses of species richness and di-
versity, we used the vegan package in R (R Core Team, 2020) with
the specnumber function to calculate the species richness, and the
diversity function to calculate the Shannon diversity metric (which
takes into account the richness and the proportional abundance of
species—inferred from the number of images) at each site for each
winter season.

2.3 | Predictor variables

All our climate hypotheses are based on combinations of tempera-
ture and precipitation (see Table 1 for full list and descriptions). Thus,
we used the Google Earth Engine (GEE) data catalogue “PRISM Daily
Spatial Climate Dataset AN81d” (Daly et al., 2015) to extract climate
data using the R package rgee (Aybar et al., 2020). This dataset in-
cludes daily measures of temperature (°C) and total daily precipi-
tation (mm; rain and melted snow) for the USA, assimilated from
many weather stations across the country and interpolated to cre-
ate a smooth raster. We extracted the mean temperature and mean
daily precipitation for each site over the winters’ study dates. We did
the same for the standard deviation (SD) of both the temperature
and precipitation. We then calculated the temperature seasonality
(SD x 100) and precipitation seasonality (SD/mean, i.e., coefficient

of variation) at each site as measures of climate stability (as defined
in the WorldClim global dataset; WorldClim, 2020). This resulted
in one value of each mean temperature, mean precipitation, tem-
perature seasonality, and precipitation seasonality for each site each
winter.

We also evaluated the role of several potential anthropogenic
influences on scavenging, using datasets available on GEE (Table 1),
extracted relative to each camera site. Ultimately, due to strong
correlation between variables, we retained only human population
density (details of other variables and correlations can be found in
Appendix S2: human impact). We downloaded data on human popu-
lation density (people/km?) from the GEE dataset “WorldPop Global
Project Population Data” (WorldPop and Center for International

Earth Science Information Network, 2020).

2.4 | Statistical analysis

Because the species observed in our study exhibit a variety of
behaviors (e.g., aerial vs. terrestrial foraging, small vs. large home
ranges), we evaluated the performance of the full global model
with all predictors at several spatial grains (5, 20, and 100 km ra-
dius buffers) around the camera sites. This approach allowed us
to explore which scale would best explain species richness and
diversity (similar to Egan et al., 2020). We also evaluated if we
should combine mammals and birds as one scavenging community
or model them separately. Results from these exploratory analyses
led us to select a 100 km radius buffer around each site for our
predictor variables and to model mammals and birds separately.
Details of these selection and evaluation procedures can be found
in Appendix S2.

We created four a-priori sets of candidate generalized linear
mixed-effects models to investigate support for the hypothesized
influences of climate and humans on responses of (1) mammalian
richness; (2) mammalian diversity; (3) avian richness; and (4) avian
diversity using the R package Ime4 (Bates et al., 2015). We included
site as a random variable in all models to account for repeated years
of data from a single site. We checked for multicollinearity between
predictor variables using spearman's correlation coefficient and vari-
ance inflation factors, where we retained all variables with r < 0.6
and VIF < 2 (Zuur et al., 2010). Moreover, as latitude was correlated
with both temperature and precipitation, we did not retain this vari-
able in any of our models. We also considered the potential quadratic
effect of our variables, by comparing the adjusted R? of singular vari-
able linear models with those of their quadratic counterparts (i.e.,
linear model with two variables, one being the square of the other).
As none of the quadratic models showed improvement performance
over the linear, we did not retain or report any quadratic effects in
our models. Because mammalian and avian richness are described by
count data, we constructed our models with a Poisson distribution.
Because data for mammalian and avian diversity are continuous and
they met assumptions about normality, we modeled these data with
a Gaussian distribution. We modeled main effects as well as relevant
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interactions and additive effects (Table A2.3) to investigate their po-
tential effect on our four response variables.

Each of the four model sets included 11 models derived from
the hypotheses about climate and humans on scavenging (for a full
list of candidate models see Table A2.3). To identify the best mod-
el(s) in each candidate model set, we used model selection based on
Akaike's information criterion adjusted for small sample size (AIC )
using the R package MuMiIn (Barton, 2020), where models within
2 AAIC_ of the top model were considered important (Burnham &
Anderson, 2002). We plotted the top models for each of the four
responses using packages visreg (Breheny & Burchett, 2017) and gg-
plot2 (Wickham, 2016), where we used these plots to estimate opti-
mal climates for scavenging (i.e., the temperature and precipitation

supporting the highest species richness).

2.5 | Projecting current and future species richness
We used the predictors included in the top models explaining spe-
cies richness to project the current species richness of mammalian
and avian scavengers over the extent of our study area in the eastern
USA. To do this, we first created species distribution models (SDMs)
using the species presence at each site and rasters of the current
climate predictors of winter temperature and winter precipitation
extracted from the WorldClim database (WorldClim, 2020). Due to
the nature of our data (i.e., baited sites), these SDMs should not be
interpreted as traditional SDMs that imply occurrence, but rather
interpreted as the distribution describing the probability of a spe-
cies scavenging on carrion. We created SDMs using all algorithms
available (for list see Schmitt et al., 2017) and retained those with
the best performance, evaluated via the area under the curve (AUC).
Next, we created a single ensemble SDM using the three best per-
forming algorithms for estimating separately the species richness
for mammals and for birds. For mammals these were the algorithms
MARS (multivariate adaptive regression splines), CTA (classification
tree analysis), and SVM (support vector machines; all AUC > 0.90),
and for birds these were MARS, CTA, and RF (random forests; all
AUC > 0.85). We did this using the R package SSDM (Schmitt et al.,
2017) and the PRR.pSSDM method which uses a probability ranking

@
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FIGURE 1 The effect of (a) mean
daily temperature and mean daily
precipitation on species richness of
mammalian scavengers, and (b) mean gl

daily precipitation on species diversity of *5§0’:<\
mammalian scavengers in the Appalachian

region of the eastern USA for the winter
periods between 2008 and 2017

Mammalian species richness
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rule to estimate species richness based on the decreasing probability
of presence calculated by the SDMs. Ultimately, this process allowed
us to estimate species richness across an area using species pres-
ence data and climate. As our data were collected from a subset of
many species' full distribution ranges, to ensure appropriate infer-
ence we constrained predictions based on these SDMs to our study
area (Barbet-Massin et al., 2010; Thuiller et al., 2004).

Using the project function of SSDM, we reprojected the ensem-
ble SDM described above with new predictors of the future winter
temperature and future winter precipitation extracted from the
WorldClim database (WorldClim, 2020). This process considered
the climate where the species were present and creates a new pro-
jection of where species would be present based on the future cli-
mate. As the WorldClim data are only available for 50 and 70 years
into the future and projected future climate data are limited in
accuracy (Bedia et al., 2013), we extracted data for the year 2070
(i.e., in 50 years' time), under emissions level RCP8.5. The individual
SDM maps showing the probability of scavenging (and confidence)
for each species under current and future climate scenarios are dis-
played in Figures A3.1-A3.21. Finally, we used the overlay function
of the raster package (Hijmans, 2020) to subtract the future species
richness projection from the current species richness projection in
order to estimate species loss or gain per pixel over our study area.
We extracted all data for predictor variables, performed all anal-
yses, and created all figures using R version 4.0.1 (R Core Team,
2020).

3 | RESULTS

3.1 | Mammalian scavengers

Of the 12 mammalian species identified, coyotes (Canis lupus), gray
foxes (Urocyon cinereoargenteus), and red foxes (Vulpes vulpes) had
the largest ranges across latitude (Table A3.1; Figures A3.3, A3.5,
A3.8). Eastern spotted skunks (Spilogale putorius) had the smallest
range, occurring only in the mid-latitudes (Table A3.1; Figure A3.9).
The winter climate that facilitated the highest species richness
was 5-10°C and 100-150 mm total precipitation (Figure 1a). The
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highest richness of mammalian scavengers at any given site was
nine, with the highest richness occurring in mid-latitudes 35°-45°
(Figure 2a).

The models best predicting species richness of mammalian scav-
engers included mean precipitation and the additive effect of mean
precipitation and mean temperature (Figurela; Table 2; Tables A3.2
and A3.3). Mean precipitation also had an important influence on
mammalian scavenger species diversity (Figure 1b; Table 2; Tables
A3.2 and A3.3). In line with the compounded snow drought hypothe-
sis, species richness and diversity were highest under dry conditions,
especially if also warm (Figure 1). There were no anthropogenic fac-
tors retained in our top candidate models.

We observed a reduction in the predicted scavenging by mam-
mal species throughout our study area over the next 50 years
(Figure 2a,b). For the speciose mid-latitude portion of our study
area, our future projection predicts a reduction of scavenging by
six mammal species by 2070 (i.e., 67% decrease; Figure 2c). In these
scenarios, the mean probability of detecting coyotes, bobcats, and
striped skunks scavenging within our study area decreased the most
(by 34%, 30%, and 27%, respectively; Table A3.1; Figures A3.2, A3.3,
A3.10). Our ensemble SDM had a species richness error (i.e., the dif-
ference between the predicted and observed species richness) of
2.2 for both the current and future projections.

3.2 | Avianscavengers

We identified 11 avian scavenging species across our study re-
gion (Table A3.1; although Corvus spp. represents multiple species,
meaning there were likely 13 scavenging species). Of these, bald
eagles (Haliaeetus leucocephalus), Corvus spp., golden eagles (Aquila
chrysaetos), red-tailed hawks (Buteo jamaicensis), and turkey vultures
(Cathartes aura) occurred across the largest ranges of latitude (Table
A3.1; Figures A3.11, A3.15, A3.16, A3.19, A3.21). Like mammals, the
winter climate that facilitated the highest species richness was 5-
10°C and 100-150-mm total precipitation (Figure 3a). The highest

richness of avian scavengers at any given site was 10, with the high-
est richness again occurring in mid-latitudes 35°-45° (Figure 2d).
The models best predicting species richness of avian scavengers
contained mean precipitation and the interaction between mean pre-
cipitation and mean temperature (Table 2; Tables A3.2 and A3.3). In
support of the compounded snow drought hypothesis, avian species

TABLE 2 Model coefficients for the top models (i.e., AAIC_ < 2)
when investigating the effects of climatic and anthropogenic
variables on the species richness and diversity of mammalian and
avian scavengers in the Appalachian region of the eastern USA. For
the full list and model selection output, see Tables A3.2 and A3.3

Model Estimate  SE 95% ClI
Mammalian scavengers
Species richness
1. Mean -0.228 0.047 -0.321 to -0.140
precipitation
2. Mean -0.238 0.049 -0.334to -0.140
precipitation +
Mean temperature 0.010 0.012 -0.013t0 0.033
Species diversity
1. Mean -0.292 0.060 -0.409 to -0.174
precipitation
Avian scavengers
Species richness
1. Mean -0.142 0.049 -0.238 to -0.048
precipitation
2. Mean -0.029 0.083 -0.190to0 0.137
precipitation +
mean temperature + 0.063 0.040 -0.014 to 0.144
Mean -0.023 0.014 -0.051 to 0.003
precipitation*mean
temperature
Species diversity
1. Mean -0.146 0.045 -0.234 to -0.056

precipitation

FIGURE 2 The (a) current, (b) future,
and (c) net change in the species richness
of mammalian scavengers, and the (d)
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FIGURE 3 The effect of (a) the (a)
interaction of mean daily precipitation

and mean daily temperature on species
richness of avian scavengers, and (b) mean
daily precipitation and on species diversity
of avian scavengers in the Appalachian
region of the eastern USA for the winter
periods between 2008 and 2017

richness was highest under warm and dry conditions (Figure 3a). In
addition, in support of the snowpack hypothesis, avian species rich-
ness was also high under cold and wet conditions (Figure 3a). As was
the case for mammals, there were no anthropogenic factors retained
in our top candidate models. For avian species diversity, the most
influential predictor was mean precipitation (Table 2; Tables A3.2
and A3.3). Partly supporting the dry snow drought and compounded
snow drought hypotheses, diversity was higher during drier winters
(Figure 3b).

Our models predict a reduction in the predicted scavenging by
avian species throughout our study area over the next 50 years
(Figure 2d,e). For the speciose mid-latitude region, our future pro-
jection predicts a reduction of scavenging by as many as eight fewer
species by 2070 (i.e., 80% decrease; Figure 2f). The species for which
probability of scavenging is projected to decrease the most between
now and 2070 were turkey vultures, Corvus spp., and red-tailed
hawks (by 38%, 37%, and 37%, respectively; Table A3.1; Figures
A3.15, A3.19, A3.21). Our ensemble SDM had a species richness
error of 2.5 for both the current and future projections.

4 | DISCUSSION

In this study, we found support for a climatic effect on scavenger
species richness and diversity. Scavenging by the most mammalian
and avian species was observed during dry and warm winters. The
future winter climate for the eastern USA is projected to become
warmer and wetter (Dai, 2013; Romero-Lankao et al., 2014), and
we show that these future conditions will shift toward the outside
of the optimal climate band for facilitating scavenging (i.e., toward
too warm and too wet). This could lead to the southeastern USA in
particular losing the benefits associated with high scavenging rates,
an outcome that could ultimately compromise ecological function
(DeVault et al., 2003; Sebastian-Gonzalez et al., 2016; Wilson &
Wolkovich, 2011). Our results highlight an overall reduction in the
frequency of scavenging in the lower latitudes of our study area
into the future, suggesting the behavior of the species present will
change but also parallels other findings that suggest many species
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distributions are shifting poleward with the climate (Buckley et al.,
2018; Chen et al., 2011; Hastings et al., 2020). Our findings also sup-
port observations from other regions that suggest climate change
can have complex and context-specific influences on vertebrate
scavengers (Hidasi-Neto et al., 2019; Olson et al., 2016; Peers et al.,
2020; Selva et al., 2005; Stiegler et al., 2020).

For mammals, our results support the compounded snow
drought hypothesis, where species were more reliant on scavenging
during relatively warm and dry winters (5-10°C and 100-150 mm).
These climatic conditions likely facilitate both the dependence on
carcasses and their accessibility. Colder, sub-zero temperatures
can freeze carcasses solid, and deep snow can further limit smaller
mammals' ability to access carrion (Peers et al., 2020). A frozen car-
cass is also likely more difficult to smell, and therefore locate, as
low temperature delays decomposition (Moledn et al., 2014). Thus,
above zero temperatures and a lack of snow likely increases both
detection and accessibility of carrion for mammals and thus facili-
tates detection of higher scavenger species richness. Our findings
are consistent with other observations that scavenging rates in
a boreal region were higher in warmer winters, with Canada lynx
(Lynx canadensis) being most likely to scavenge at ~10°C (Peers et al.,
2020). In contrast, much warmer and wetter conditions can make
other food sources more available (Maignan et al., 2008) which could
ultimately lessen the reliance on scavenging. Many mammalian fac-
ultative scavengers are also generalists and compensate for periodic
shortages of regular food items by shifting their diet (Dell'Arte et al.,
2007; Swingen et al., 2015; Van Dijk et al., 2008). Under warmer
and wetter conditions (i.e., outside the optimal climate for scav-
enging we found in our study), many species may be able to access
other food items and, under these conditions, our cameras recorded
lower species richness of scavengers. Mammalian species diversity
was also higher during dry winters. As with richness, we suggest
that these climatic conditions likely facilitate both the dependence
on carcasses and their accessibility which ultimately increases the
abundance of individuals scavenging as well as the species richness
that the cameras detect.

As was the case for mammals, we also detected the most bird
species scavenging during warm and dry winters (5-10°C and
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100-150 mm), supporting the compounded snow drought hypoth-
esis. Deep snow can restrict smaller birds' access to carrion (Selva
et al., 2005). Thus, above zero temperatures and a lack of snow
may increase the accessibility of carrion and facilitate higher spe-
cies richness. We also found fairly high richness during cold and wet
winters, which likely represents the increased detection from above
and against snowy landscapes of the large carrion we used (Moreno-
Opo et al.,, 2015; Selva et al., 2005). Further, because energetic
needs are high during these cold snowy conditions, facultative avian
scavengers may be more reliant on scavenging as well. Alternatively,
it may be more difficult to find small mammalian prey when they are
covered by snow (i.e., in the subnivian environment); similarly, North
American vultures eat fewer carcasses of small prey when snow is
deep (Yahner et al., 1986). However, we observed that owls, one of
the facultative scavengers in our system, were most likely to be de-
tected scavenging when in moderate winter conditions (mean 2°C
and 3 mm). This lends support to our increased carcass detectabil-
ity hypothesis rather than our small mammal availability hypothesis.
Avian species diversity was higher when winters were drier, partly
supporting the dry snow drought and compounded snow drought
hypotheses. Most of the bird species in this study are migratory, typ-
ically moving south to overwinter in warmer areas while some south-
erly located individuals remain sedentary. Considering that birds'
migration distances and timing have been changing with the climate
(Brisson-Curadeau et al., 2019; McCaslin & Heath, 2020; Studds &
Marra, 2011), the lower diversity during dry winters may represent
an interruption in migration departure or progress, whereby not all
individuals move at the same time and take advantage of southerly
scavenging opportunities due to fluctuations in migration timing.
Our future projection suggests a reduction in the number of
mammalian species cameras would detect scavenging across our
study area. The mean winter climate for our study area is predicted
to increase by 5°C and 54 mm of winter precipitation by 2070
(WorldClim, 2020). Our findings could mean that mammals will re-
main in these areas, but only scavenge in the northern parts of their
range where the climate makes this necessary. Alternatively, these
species may be shifting ranges into higher latitudes altogether, fol-
lowing the suitable climate (Chen et al., 2011; Levinsky et al., 2007).
Our models suggest that coyotes, bobcats, and striped skunks are
especially less likely to be detected scavenging in the eastern USA
in the future. These species are all widely distributed generalists
(Helgen & Reid, 2016; Kays, 2018; Kelly et al., 2016) so a predicted
reduction in scavenging is consistent with the notion that they are
more able to find alternative food under predicted climatic scenarios.
Like mammals, our projection suggests a reduction in the num-
ber of avian species detected scavenging across our study area in
the future. However, unlike mammals, this may be due to migration
shifts rather than an ability to find alternative food during future
milder winters. In North America, migratory raptors have displayed
a northward shift in their distribution and have been arriving ear-
lier over time, consistent with a warming climate (Huntley et al.,
2006; McCaslin & Heath, 2020; Sullivan et al., 2016; Therrien et al.,
2017). Our results are consistent with changes in behavior such that

migrating species would not be travelling as far south under future
climate scenarios. Turkey vultures, Corvus spp., and red-tailed hawks
had the largest decreases in probability of scavenging in our study
area into the future. As widely distributed generalists, Corvus spp.
likely mirror the mammalian response by utilizing other available
food sources. Similarly, as red-tailed hawks are permanent residents
across most of the region, they also can easily switch to alternative
food. In contrast, as an obligate scavenger, turkey vultures can only
make small shifts to their diet. Thus, our modeling suggests that the
distribution of this species could be shifting or expanding, consis-
tent with reports of turkey vulture populations expanding north-
ward over time (Sauer et al., 2017). As our sites were mainly located
at higher elevations, our reduction in turkey vulture probability of
scavenging could also represent them moving to lower elevation/
coastal regions. However, it is also possible that under warmer and
wetter winters, turkey vultures focus on an alternative food source
as they have a wider diet breadth of carrion than black vultures
(Coragyps atratus) and they frequently utilize human garbage dumps
(Ballejo et al., 2018; Noreen & Sultan, 2021) and small mammal prey
(Yahner et al., 1986).

In a global review, and in contrast to our findings, Sebastian-
Gonzalez et al. (2019) found only human impact to negatively affect
scavenger species richness. Because several, smaller-scale studies
have found climate to be important (Peers et al., 2020; Selva et al.,
2005; Stiegler et al., 2020), our study emphasizes the need for re-
gional studies to fully understand the influence of global change on
scavenging within different regions. The interpretation of our results
also suggests several avenues for future study. For example, we did
not evaluate the interactions between the mammalian and avian
guilds, a topic which requires further study in general (Terraube &
Bretagnolle, 2018). Scavenging mammals and birds can have several
facilitating or excluding interactions (Prior & Weatherhead, 1991;
Sebastidn-Gonzalez et al., 2016; Vucetich et al., 2004). However, in
this study, the mammalian and avian guilds were mostly separated
by nocturnal and diurnal niches respectively, so we think it is unlikely
for any direct interactions to have a significant effect on our results.
Moreover, group size can also influence which species are the dom-
inant scavengers, and we have observed instances where a single
bald eagle is clearly dominant over a single raven, but also that large
groups of corvids can displace bald eagles. Also regarding the differ-
ent guilds, we were unable to measure species-specific consumption
rates. Although preliminary data suggest one deer carcass to be re-
moved within 11.09 + 1.95 days in our study area (Marneweck et al.,
unpublished data), more information on specific consumption rates
per species are required to fully understand scavenging efficiency,
group size, and community composition. Therefore, the additive
effect of group size on scavenging efficiency should be considered
an important avenue for future research. Furthermore, interactions
between carcass degradation and climate may also occur, where fu-
ture warmer and wetter climate may break down carcasses in the
absence of vertebrate scavengers. Thus, research on alternative
pathways for carcass decomposition in the future with this pre-
dicted loss in scavenger species richness would be informative. We
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also did not evaluate the physiological processes underlying species’
responses to the environment (Gamliel et al., 2020) and, most im-
portantly, using range-restricted occurrence data to study climate-
induced changes in species richness may lead to an underestimate of
the suitable climatic space (Barbet-Massin et al., 2010; Thuiller et al.,
2004). This means that our suitability forecasts may be less extreme
than predicted, due to an underestimation of suitable climate space.
Nevertheless, even with our forecasts tempered, our results sug-
gest that the future frequency of scavenging by many species in the
lower latitudes of our study region is likely to be reduced.

Our findings highlight the importance of considering potential
climate-induced alterations in behavior that could have cascading
effects on ecosystem structure. The loss of vertebrate scaven-
ger richness and diversity reduces the number of pathways in the
food web, which could lead to a decrease in ecosystem resilience.
Although there may be mechanisms to compensate for this loss, ulti-
mately, carcasses will still be present on the landscape in the future
and scavenging of some type will still be an important ecosystem
service. The predominant large herbivore in this ecosystem, white-
tailed deer, are expected to persist or even increase in abundance
across eastern North America in the future (Chitwood et al., 2015;
Dawe & Boutin, 2016; Johnston & Schmitz, 1997). Thus, even with
an expected decline in overwinter mortality under future climate
conditions (Wilmers & Getz, 2005), carcasses will still be present on
the landscape. It is also possible that carcass presence under warm
and wet conditions in the future may lead to an increased disease
risk to humans (O'Bryan et al., 2018; Ogada et al., 2012). Attention
placed on the conservation of species-rich scavenger communities,
especially vultures that facilitate rapid carcass removal, is therefore
likely important to retain the functional role of scavenging in eastern
North America (Gutiérrez-Canovas et al., 2020; Sebastian-Gonzalez
et al., 2016). Although a great deal of attention is placed on spe-
cies extinction risk and distribution changes as a result of chang-
ing climate (Chen et al., 2011; Thomas et al., 2004), a reduction in
scavenging highlights the impact of climate-induced adjustments in
behavior that could have negative impacts at a large scale in a tem-

perate ecosystem.
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