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Abstract

Context Carnivores influence the spatial hetero-
geneity of biogeochemical processes in ecological
communities through predation and the deposition
of animal carcasses, and these processes may lead to
positive feedback loops that influence large-scale pat-
terns of nutrient cycling.

Objectives We assessed whether ambush predator
foraging impacted soil chemistry and plant forage
quality, and then scaled these effects to the landscape
to assess whether carnivores contribute to heteroge-
neity in resource distributions.

Methods We measured total nitrogen (N) and N sta-
ble isotope composition (8'°N) of soils and plants at
172 ungulate carcasses killed by mountain lions in
the Yellowstone Ecosystem, USA. We measured kill
rates and estimated the probability of a mountain lion
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foraging in any location to scale their carrion contri-
butions to the landscape.

Results Carcasses altered total nitrogen N and 8'°N
of soils and plants, and changes in 8'°N suggested
that plants absorbed significant N from carcasses.
On average, plant 8'°N at kill sites increased by 2.3
milles (%o), which is large compared to the 6.3 %o
range of variation in local plants across xeric and
mesic systems. We conservatively estimated that resi-
dent mountain lions in our study area annually con-
tributed the carrion mass of a blue whale, or 44.1 kg
of carrion and 1.4 kg of N per km?. We also deter-
mined that mountain lion foraging was concentrated
in just 4% of our study system.

Conclusions Ambush carnivore foraging may con-
tribute to landscape-scale heterogeneity in nutrient
distributions, and set the stage for positive feedback
loops between carnivores and prey that drive biogeo-
chemical processes.

Keywords Carnivore - Carrion - Greater
Yellowstone Ecosystem - Nitrogen - Nutrient cycling -
Puma concolor

Introduction
Carnivores impact the spatial heterogeneity of nutri-
ents and biogeochemical processes via their indirect

effects on prey, which influences where prey congre-
gate, forage, and defecate, and directly, via predation
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and the distribution of carcasses across landscapes
(Schmitz et al. 2010; Monk and Schmitz 2022).
Decomposing animal carcasses, in particular, initi-
ate a series of chemical, biological and physical pro-
cesses that contribute to ecosystem energy and nutri-
ent cycling in aquatic and terrestrial systems (Barton
and Bump 2019; Hilderbrand et al. 1999; Keenan
et al. 2018). Although humans produce the most dis-
carded animal remains, this refuse is concentrated in
specific locations such as landfills, fisheries discards
and along roads (Oro et al. 2013). Starvation, disease,
and exposure to the elements also kill animals and
provide carcasses in seasonal pulses across the year
(DeVault et al. 2003; Wilson and Wolkovich 2011).
In contrast, apex carnivores provision animal car-
casses continuously over broad areas (Wilmers et al.
2003; Wikenros et al. 2013) and therefore have a
unique spatio-temporal effect on the heterogeneity of
biogeochemistry and ecosystem function (Bump et al.
2009a; Monk and Schmitz 2022). Carnivores also
facilitate nutrient transfer across aquatic-terrestrial

Fig.1 Conceptual model
summarizing the 5 stages
of a mountain lion (Puma
concolor) foraging and N
redistributions in natural
systems: 1) Forage selec-
tion, where ungulates select
patches of nitrogen-rich
forage, 2) Predation, and
carcass deposition at pre-
ferred hunting locations, 3)
Initial Carcass Decay, when
carnivores feed, scavengers
begin visiting the carcass,
and decomposition begins,
4) Active and Advanced
Decay, when the transfer of
carcass fluids into the soil
peaks, increasing total soil
N., and 5) Skeletal Decay,
when plants growing at kill
sites are enriched with N
from the ungulate carcass.
Black arrows represent our
research components, and
the yellow arrow represents
evidence-based specula-
tion on the final part in the
positive feedback loop,
which begins the cycle all
over again

Predation
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environments, by carrying carcasses from one system
to the other (Hilderbrand et al. 1999).

Monk and Schmitz (2022) hypothesized that car-
nivores may contribute to large-scale nutrient het-
erogeneity by initiating feedback loops based on
predation and subsequent nutrient subsidies to soils
and plants that attracts future foraging by prey that
begins the cycle all over again (Fig. 1). These patterns
should be more easily detected when carnivores are
ambush hunters and exhibit marked spatial homoge-
neity in hunting prey (i.e. they hunt in specific areas
and not others) (e.g. solitary felids, Smith et al. 2020).
The effects of carrion resources on ecosystems have,
however, typically been studied piecemeal or have
involved a small number of carcasses in a localized
context. Some studies have revealed that decompos-
ing carcasses modify soil temperature, soil moisture,
and increase soil fertility through the addition of
nutrients such as nitrogen (N), carbon and phospho-
rus (Bump et al. 2009a; Parmenter and MacMahon
2009). These changes to soils may last from 24 to

Forage Selection

Initial Carcass Decay

Active and Advanced Decay
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84 months after carcass deposition (Melis et al. 2007;
Parmenter and MacMahon 2009). Other research
on carcasses has shown that changes in soil chemis-
try, including electrical conductivity, gaseous emis-
sions and adjustments to pH (Benninger et al. 2008;
Keenan et al. 2018), lead to changes in plant chemis-
try and nutrient content that may affect plant growth
and reproduction (Towne 2000; Yang 2004; Melis
et al. 2007). Changes in plant chemistry, in turn,
influence herbivore foraging behaviors, as ungulates
select for nitrogen-rich forage (Wilmshurst and Fryx-
ell 1995; Danell et al. 2002). Carcasses also alter the
distribution and diversity of invertebrate and micro-
bial communities (Schimel and Bennett 2004; Barry
et al. 2019, Risch et al. 2020), structure vertebrate
scavenger communities (Sebastian-Gonzéalez et al.
2020) and affect energy flow in ecosystems through
the distribution of resources via scavenger pathways
(DeVault et al. 2003; Wilson and Wolkovich 2011).
Bump et al. (2009a) provided among the most con-
tinuous narratives to date, linking wolf (Canis lupus)
predation of 17 moose (Alces alces) carcasses to
nutrient deposition in soils that resulted in changes in
foliar nutrient content.

Our study focusing on mountain lions (Puma con-
color) examined several components of Monk and
Schmidtz’s (2022) hypothesis about the positive feed-
back loop linking predation with future foraging by
prey. Mountain lions are a widely-distributed, stalk-
and-ambush carnivore in the Americas well-suited
to these questions. They 1) often kill prey larger
than themselves, 2) tend to conceal their food or feed
under cover, and 3) do not disarticulate carcasses as
they feed (Elbroch et al. 2017). Mountain lions also
experience high levels of kleptoparasitism and appear
to disproportionately contribute carrion resources to
ecosystems (Allen et al. 2015; Elbroch et al. 2017).
Therefore, mountain lions are more likely to create
localized hotspots than other large carnivores like
gray wolves that dismember carcasses and distribute
nutrients more widely.

Here, we report on 172 ungulates killed by moun-
tain lions, where we tracked N soil chemistry and
plant forage quality (Fig. 2). We also used kill site
characteristics to map the probability of mountain
lion hunting in order to determine whether they
exhibited spatial homogeneity in their foraging pat-
terns, and distributed carcasses in select areas more
than others. Then we estimated mountain lion kill

rates, which in combination with our mapping the rel-
ative probability of mountain lion hunting across the
landscape allowed us to scale up what we learned at
individual kill sites to estimate the potential heteroge-
neity of mountain lions on N cycling at the landscape-
scale (Barton et al. 2019). We focused on N because
it is a key limiting resource in many terrestrial eco-
systems and its cycling affects both the quantity and
nutritional quality of plants, which can in turn, affect
herbivore fitness (Augustine et al. 2003). We also
focused on 8N, as this can be used to estimate the
source of N enrichment in soils and plants (Robinson
2001; Yang 2004).

We tested six hypotheses in our research: 1) soils
at mountain lion kill sites exhibit elevated total N and
8!°N as the carcass degrades over time; 2) mountain
lion kill sites that occur in summer exhibit higher soil
N than kill sites made in winter, because snow cover
and a lack of decomposers prevents carcass-derived
nutrients from entering the soil; 3) larger carcasses
exhibit higher soil N and 8'°N than smaller carcasses;
4) plants growing at kill sites exhibit higher total
N and 8'°N than control plants, mediated through
uptake of N deposited into the soil from carcasses; 5)
plants supplemented with N from ungulate carcasses
grow faster and exhibit reduced cell wall components,
such as cellulose and lignin; plants supplemented
with N from carcasses have higher levels of digest-
ible energy (DE, kJ/g); 6) mountain lions dispropor-
tionately kill prey in a small portion of the study area,
where carcasses and their impacts on biogeochemis-
try accumulate over time.

Materials and methods
Study area

Our study area comprised 2,314 km? of the southern
Greater Yellowstone Ecosystem (GYE) (Fig. 2) an
area characterized by short, dry summers and high-
snowfall winters (Elbroch et al. 2017). Elevations
ranged from 1,800 m in the valleys to>3,600 m in
the mountains; low habitats were characterized by
grasslands and big sagebrush (Artemisia tridentata),
and higher ones by aspen (Populus tremuloides) and
coniferous forests. Apex carnivores included moun-
tain lions, American black bears (Ursus americanus),
grizzly bears (U. arctos horribilis), and gray wolves.
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Fig. 2 Study area location
in the southern Greater
Yellowstone Ecosystem,
Teton County, Wyoming,
USA (inset), including
landownership/manage-
ment boundaries indicated
by shades of green. Yellow
icons represent mountain
lion (Puma concolor) kill
sites sampled for soil total
N and plant forage quality
from 2014-2018
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Ungulate prey included elk (Cervus canadensis),
mule deer (Odocoileus hemionus), white-tailed deer
(O. virginianus), moose (Alces alces), bighorn sheep
(Ovis canadensis), and North American pronghorn
(Antilocapra americana).

Locating kill sites and identifying prey remains

Following guidelines approved by Institutional Ani-
mal Care and Use Committees (Jackson TACUC
027-10EGDBS-060210; National Park Service
IACUC Protocol IMR_GRTE_Elbroch_Cou-
gar_2013-2017), we captured and fit 50 mountain
lions with Global Positioning System (GPS) col-
lars that acquired location data at 2-h intervals. We
defined GPS clusters as spatially aggregated loca-
tion data (within 150 m of each other) spanning
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at minimum 4 h and a maximum of 2 weeks (see
Elbroch et al. 2017). Researchers investigated clus-
ters quickly (generally within a week of the animal
leaving the sight, and with a maximum delay of
30 days), visiting each GPS point in a cluster and
conducting a circular search of an area with radius
30 m. When prey were found, we identified prey
remains from hair, skin, rumen, and bone frag-
ments, and we assessed the state of prey remains
(e.g., bite marks, the lay of the carcass, which parts
were fed upon) to determine if the mountain lion
had killed or scavenged the prey. Then we estimated
age and sex-specific mass of ungulate carcasses
based on values derived from literature sources
(Pojar and Bowden 2004; Elbroch et al. 2014). We
initiated soil sampling if the prey was an ungulate at
least 1-year in age.
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Soil and plant sampling

We sampled 172 ungulate prey killed by mountain
lions from November 2014 through October 2018,
as determined by opportunity and arriving in time
to initiate early sampling. We collected soil sam-
ples, 2.5 cm in diameter X 8 to 10 cm deep, beneath
rumen remains, and a corresponding control sample
taken approximately 6 m away from the rumen at
the start of the study to represent pre-carcass dep-
osition. The control was considered time O in our
analyses. Rebar was placed through rumen con-
tents to identify sampling locations over time and
each carcass site was sampled at 3, 6, 9, 12, 18, 24,
30 and 36 months post deposition. However, not
all carcasses were sampled at every interval due to
permit restrictions limiting access to portions of the
study area in winter; this resulted in the following
missed samples: 10% of 3-month samples, 8% of
6-month samples, 30% of 9-month samples, 34% of
12-month samples, 23% of 18-month samples, 62%
of 24-month samples, 62% of 30-month samples,
and 79% of 36-month samples. We dried soil sam-
ples at 35 °C for 24 h and stored them at room tem-
perature until further processing.

During the 2017 and 2018 summer soil sampling
period, we sampled 65 kill site locations. We col-
lected herbaceous plant species found growing at the
rumen center and a paired control plant of the same
species growing as close as possible to the location
of the soil sample control. We only selected con-
trol plants with similar overstory characteristics, to
mitigate differences due to sunlight exposure. We
sampled plants once from each kill site, and sam-
ples varied in their collection date from 18, 24, 30
or 36 months post deposition. We dried samples at
35 °C for 48 h and stored them at room temperature
until further processing.

We oven dried soil and vegetation samples,
sifted out large debris with a 2 mm mesh sieve, and
then ground samples with a ball-mill until particles
were <250 um in size. We performed isotopic analy-
sis at the Washington State University Stable Isotope
Core Facility. Samples were analyzed for total N (%)
and 8'"°N (%) using an Elemental Combustion Sys-
tem 4010 elemental analyzer (Costech Analytical,
Valencia, CA, USA) coupled to a Delta Plus XP con-
tinuous flow isotope ratio mass spectrometer (Delta
PlusXP, Thermofinnigan, Bremen) (Brenna et al.

1997; Qi et al. 2003). The isotope ratio was calculated
as:

6= [(RsamPlC/Rstandard) - 1] % 1000, %o

where R=""N/"N. The primary standard for N is N,
in air, and the internal precision reported here was
0.07 %o standard deviation (SD) for 8'°N. Acetani-
lide, corn, and keratin were used to develop a two-
point normalization regression for the N analysis.

To determine the fiber content and digest-
ible energy (DE) content of plant samples, we used
sequential detergent analysis consisting of neutral
detergent fiber (NDF), acid detergent fiber, acid deter-
gent lignin (ADL), and acid insoluble ash (Goering
and Van Soest 1970, with sodium sulfite, Ankom
Fiber Analyzer 200/220®, Ankom Technology, Fair-
port NY, USA). We determined gross energy (GE,
kJ/g) content using a bomb calorimeter (C5000, IKA
Works, Inc., Wilmington, NC, USA) in the Wildlife
Habitat Lab at Washington State University. We esti-
mated the dry matter digestibility (DMD) (%) using a
recent modification (Cook et al. 2022) of the summa-
tive equations of Robbins et al. (1987), developed and
tested with elk and black-tailed deer (Hanley et al.
1992). We calculated DE content (kJ/g) for all sam-
ples from GE content X DMD (Robbins et al. 1995).
Total N (%) values were converted to crude protein by
a standard N conversion factor of 6.25, which controls
for the non-protein N (Robbins 2012). All nutritional
measurements were reported on a dry matter basis.

Soil and plant analyses

We tested four a priori models using a linear mixed
model (GLMM) with a normal distribution and
identity link and the library lem4 in RStudio version
1.1.456 to explain total N and 8"°N levels in soil sam-
ples: 1) a null model without covariates, 2) a model
that only included time from carcass deposition
(measured in months), 3) a model that included an
interaction between time and season, and 4) a model
that included an interaction between time and carcass
mass. We also included a random intercept for each
separate kill site, to account for the correlations of
repeated observations at each kill site and other con-
founding variables associated with specific locations.

Our models assumed that the initial values of total
N and 8'°N were those in samples collected at the
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control sites at time 0, and then subsequent measure-
ments of total N and 8'°N at carcass sites represented
concentrations through time (i.e., the first measure-
ment under the carcass was at 3 months). We applied
a natural log transformation to both total N and §'°N,
as preliminary residual plots from fitted models indi-
cated non-constant variance across the range of fit-
ted values. We used Akaike Information Criterion
(AIC,), adjusted for small sample size to rank model
performance. We used Tukey’s post hoc test on our
best-fitting model to further examine how mean val-
ues of total N and 8'°N differed between months.

Because our top model determined via model
selection only included time from carcass deposi-
tion (months), we ran two additional, posthoc single
covariate GLMM analyses to draw inference with
regards to our hypotheses 2 and 3. For these analyses,
we included the random intercept for each separate
kill site described above, and one additional covari-
ate, carcass weight or season, to determine whether
these variables also impacted soil N and §'°N.

For an initial comparison of plant forage quality,
we used paired #-tests to explore the prediction that
plants growing at kill sites would have higher total N,
8N, gross energy (GE) and DE content, and lower
cell wall (NDF), cellulose, and acid detergent lignin
(ADL) content. When we received a significant result
for any paired t-test, we followed up with a GLM
analysis with a normal distribution and identity link
to determine which of three factors (time since the
kill was made, weight of carcass, season: summer vs.
winter) explained the difference between paired sam-
ples (kill site and control).

Scaling carcass effects

We conducted a Resource Selection Function (RSF)
analysis in a use-availability design (Manly et al.
2007) to map the probability of a mountain lion kill-
ing prey in any given location across our study area.
To define our study area, we calculated a 95% ker-
nel density estimation with a 1 km buffer bounding
128,032 mountain lion GPS locations from 50 indi-
vidual mountain lions from 2001 through 2016. We
used confirmed mountain lion kill sites (n=1,853) as
our used resource, for which we generated 5 times as
many non-overlapping random locations (n=9,265)
within our study site to represent unused but available
environmental conditions.

@ Springer

For each kill site and random location, we calcu-
lated the following relevant covariates for mountain
lion kill site resource selection (Cristescu et al. 2019,
Elbroch et al. 2014, Lendrum et al. 2014): topogra-
phy (elevation, aspect, and slope), land cover (tree
canopy cover, vegetation type), and distance metrics
(distance to roads, distance to streams and distance to
forest edge). We obtained elevation data (elevation;
continuous, meter) from 2013 United States Geo-
logical Survey (USGS) 10- and 30-m Digital Eleva-
tion Models (https://catalog.data.gov). We derived
inclination (slope; continuous, degrees) and aspect
(sine [aspect(E-W); continuous, radians] and cosine
[aspect(N-S); continuous, radians] transformed) from
the ASTER Global Digital Elevation Map layer using
the Spatial Analyst surface tools in ArcGIS 10.4.1
(ESRI, Redlands, CA, USA). Rather than using aspect
directly, we converted it into a continuous representa-
tion of south-ness scaled from —1 (north) to 1 (south)
using—cos ((aspectxm)/180). We obtained tree
canopy data (continuous, percentage) from National
Land Cover Database (NLCD) 2016 USFS tree can-
opy cover (https://mrlc.gov). We acquired vegetation
layers including vegetation type from NLCD 2016
(https://mrlc.gov). To reduce model parameters, we
broadly reclassed vegetation types into seven distinct
habitat classes: conifer and mixed forests (mixed for-
est), herb/grass (grassland), wetlands (riparian), shrub
(shrub-steppe), deciduous forest (deciduous forest),
water, snow/ice, and rock/bare (other), developed/
urban, pasture/hay and crops (developed).

To estimate forest edge, we converted all forested
lands from the Gap Analysis Program into a polygon
layer in ArcGIS 10.1 (ESRI, Redlands, CA, USA),
and then created a distance to forest edge layer from
the perimeter of each forested section following meth-
ods of Elbroch et al. (2014). For distance to roads, we
obtained a road layer for our study area from USGS
National Transportation Dataset’s road segment lay-
ers (https://catalog.data.gov) and combined primary
(highways) and secondary roads (local roads includ-
ing unpaved roads and 4WD roads) into one layer in
ArcGIS 10.4.1 (ESRI, Redlands, CA, USA). We then
used the Euclidean distance function to calculate dis-
tance to roads. We generated a distance to streams
layer from USGS’s high-resolution (1:24,000 scale)
National Hydrography Dataset (https://USGS.gov)
and extracted rivers and perennial streams into one
layer in ArcGIS 10.4.1(ESRI, Redlands, CA, USA).
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To evaluate the influence of habitat variables on
kill site selection, we used generalized linear mixed
models (GLMM) with a logit link function and bino-
mial distribution, using the library lem4 in RStu-
dio version 1.1.456. Individual mountain lions were
included as a random intercept to account for vari-
ation among individuals in areas selected for Kkills.
We evaluated 16 a priori candidate models (Sup-
porting Materials, Table S1) using AICc (Burn-
ham and Anderson, 2002) adjusted for small sample
size, AAICc, and Akaike weights (w)).

We tested for predictive performance of the top
model, given our data, using area under the curve
(AUC) (Hanley and McNeil 1982; Boyce et al. 2002)
and then conducted model validation using k-fold
cross-validation (Boyce et al. 2002). In each cross-
validation, the estimated probabilities were binned
into 10 equal bins and correlated with the observed
proportion of kills within the evaluation set. Next,
we calculated Spearman rank correlation between
the model suitability scores and bin classes. We then
used the top model to map relative probabilities of
kills across our study area.

We quantified mountain lion kill rates (predation
events/week) for all ungulate prey across seasons for
nine animals intensively tracked from 2012-2016
(Table S5), following Knopff et al. (2010). Then we
used the densities of independent, resident moun-
tain lions for our study area reported in Elbroch et al.
(2018), to scale average mountain lion kill rates to
total predation rates. Following Barton et al. (2019),
we estimated total mountain lion contributions of
carcass biomass by multiplying the average mass of
an ungulate carcass in our study (157 kg) by the total
predation rate of mountain lions.

Results
Soils

We collected 1,007 soil samples from 172 kill sites.
Mass of ungulate carcasses ranged from 28 to 385 kg
depending on species, sex and age. Soil samples were
collected from 125 elk carcasses with a mean mass
of 191.4+80.1 kg (SD), 29 mule deer carcasses
(mean=67.0+16.6 kg), 11 bighorn sheep carcasses
(mean=58.0+32.0 kg), 4 white-tailed deer carcasses
(mean=70.8 +30.0 kg), and 3 pronghorn carcasses

(mean=48.3+2.4 kg). The mean difference between
peak soil N and Time 0 was 0.48%, and for soil 8N,
2.31 parts per mille (%o) (Fig. 3).

We identified one top model that best explained
patterns for both total N and 8'°N (Supporting Mate-
rials, Table S2); this model only included time after
carcass deposition. There was little evidence of model
selection uncertainty for our model set, with the top
model garnering 98% of the weight of evidence for
total N and 99% for §"°N. Peak total N (%) values
for soil occurred 12 months after carcass deposition
(Fig. 3A). Tukey post-hoc multiple comparison tests
revealed that mean total N values were significantly
greater for all months except month 36 when com-
pared to the reference month O (Supporting Materials,
Table S3). No other monthly comparisons were sig-
nificantly different from each other. Peak 8'°N (%o)
in soils occurred at 3 months after carcass deposition
(Fig. 3B). Tukey post-hoc multiple comparison tests
revealed that there was significantly greater mean
8N for months 3, 6 and 18 when compared to the
reference month O (Supporting Materials, Table S3).

We found that season did affect soil N in our
single covariate test (F; 04=9.13, P<091,
f=0.094+0.03 SE reference summer), but that car-
cass weight did not (F; ;404=0.69, P<0.41). We did
not find any effect of season in our single covariate
test on 8N (F; 10, =0.01, P=0.91), but we did for
carcass weight on 8N (Fy, 1004=19.31, P<0.01,
$=0.0006+0.0001 SE).

Plants

We sampled 65 kill sites at 18, 24, 30 and 36 months
post deposition for a total of 130 plant samples. Total
N concentration (mean difference=0.54; paired
t-test, t,=4.94, P<0.001) and 5N (mean differ-
ence=2.3; paired r-test, fg,=4.38, P<0.001) of
plants growing at kill sites were significantly higher
than control plants. Differences in total N concen-
tration was best explained by season (P<0.01,
p=--0.24+0.09 SE, reference summer), rather than
time (P<0.46) or weight (P <0.29). Differences in
8'°N were best explained by carcass weight (P=0.03,
=0.009 +£0.004 SE), rather than time (P=0.16) or
season (P=0.97).

We did not detect a difference between paired sam-
ples for GE (mean difference =-—6.55; paired t-test,
tey=-—0.26, P<0.60), DE (mean difference=-0.02;
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Fig. 3 Mean and 95% CI 0.7 A
for total nitrogen (A) and
8N (B) of soils collected
from mountain lion (Puma
concolor) kill sites in the
southern Greater Yellow-
stone Ecosystem in 2014—

Total Nitrogen (%)

2018 as a function of time
since carcass deposition,
based on our top-ranked 0.3
model. Total nitrogen was
elevated for all months after
the initial (control) month,
with peak total nitrogen

at 12 months after carcass
deposition. All months had
elevated "N compared to
the control month, with a
peak 8"°N at 3 months after
carcass deposition 35

515N (%)

0 3

Months after carcass deposition

paired r-test, t5,=--0.09, P<0.93), NDF (mean
difference=-—1.01;  paired  r-test, fg,=-—0.93,
P <0.82), cellulose (mean difference=-1.37; paired
t-test, tg,=-—1.46, P<0.15), or ADL (mean differ-
ence =--0.46; paired r-test, fg, =-—1.24, P <0.89).

Scaling carcass effects

Our global model inclusive of all relevant biologi-
cal covariates was the top-ranked model in our RSF
analyses (Supporting Materials, Table S1, Fig. 4A).
Our AUC value for the receiver operating character-
istic curve analyses was 0.73. The global model had
high predictive power when tested against validation
data and Spearman rank correlations of selection
probabilities between training and validation data was
1.0 (P<0.001). Mountain lions were more likely to
kill prey in areas of high tree canopy and southerly
aspects, at low elevations and with steeper slopes and
were also more likely to make a kill in areas closer to
forest edge, roads, and streams (Supporting Materials,
Table S4). Mountain lions selected habitats in which
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to hunt prey in the following order: 1) deciduous for-
est 2) mixed forest 3) grassland 4) shrub-steppe 5)
riparian 6) other 7) developed.

When we mapped the relative probability of a
mountain lion killing prey across our study area, we
detected clear spatial heterogeneity in the probabil-
ity that any given area would host hunting mountain
lions. Most of the landscape exhibited low probability
of being selected by mountain lions for foraging. If
we only consider sites with a medium to high rela-
tive probability of being a kill site location (which
we defined as a relative probability of > 0.40), these
sites only accounted for 4% of the total study area
(Fig. 4B).

We followed 9 adult mountain lions for 81.6+37.8
(SD) weeks, recorded 746 ungulate kills, and esti-
mated average kill rates of 1.033+0.2 ungulates/
wk (Supporting Materials, Table S5). On average,
each mountain lion produced 54 ungulate carcasses
per year, creating 8,478 kg of carrion per year per
resident mountain lion (of which mountain lions eat
approximately 33% themselves; Elbroch et al. 2014).
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High

Fig. 4 A Proportional probability of habitat selection for car-
cass deposition of ungulates killed by mountain lions (Puma
concolor) in southern Greater Yellowstone Ecosystem during
2001-2016. Map represents RSF model averaged coefficient
estimates for aspect, slope, tree canopy, elevation, distance to

Based on the estimate of mountain lion density in our
2,314 km? study area (0.52/100 km?; Elbroch et al.
2018) we calculated that resident adult mountain
lions redistributed 102,026 kg of ungulate carrion
and 3,249 kg of N annually (Robbins et al. 1974), or
44.1 kg of carrion and 1.4 kg of N per km?.

Discussion

We found strong evidence that carcasses provided
by mountain lions impact soil and plant chemistry,
as well as evidence to support Monk and Schmitz’s
(2022) hypothesis that carnivore foraging contrib-
utes to widescale heterogeneity in nutrient cycling
and biogeochemistry. Mountain lion foraging pro-
vided 44.1 kg of ungulate carrion and 1.4 kg of N
per square kilometer to the GYE each year. These
are conservative estimates because they are based
on our minimum mountain lion density estimates for
resident adults, and do not include transient moun-
tain lions that forage as they pass through the system.
Mountain lion effects on N cycling were not uniform;
rather, they were limited to predictable locations in a
very small proportion of the study area, suggesting

B All RSF values > 0.40

forest, distance to roads, distance to streams, and vegetation
according to AICc. B Predicted probability of habitat selec-
tion with RSF values >0.40 for carcass deposition of ungulates
killed by mountain lions (Puma concolor) in southern Greater
Yellowstone Ecosystem during 2001-2016

that ambush predators, in particular, may enhance
resource heterogeneity at scale that may have diverse
cascading effects on local community assemblages.

Mountain lion prey changed soil biogeochemistry
during decomposition, including altered pathways
of nutrient flow and modifications to stable iso-
topic composition. Soils at carcass sites exhibited an
increase in total N and 8'°N for the duration of our
3-year study, suggesting long-lasting effects of car-
cass deposition on N cycling. Soil 8'°N peaked almost
immediately, indicating a rapid contribution of iso-
topically heavy carcass components to local commu-
nities. We also documented large differences in 8'°N
in soils and plants at control plots versus kill sites
(e.g.,~40% higher for plants collected at 18 months),
suggesting that plants are uptaking a significant por-
tion of N contributions from carcass remains (Bump
et al. 2009a). Plant 8'°N increased by 2.3 %o, which
is large when one considers that the range of variation
in plants across xeric and mesic systems in the GYE
is only 6.3 %o (Frank and Evans 1997).

Previous research has shown that increases in
plant N can alter plant chemistry and increase protein
content (Leghari et al. 2016), and therefore increase
the likeliness that a plant is selected by herbivores
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(Dostaler et al. 2011). Neverthelss, we did not find
that increased N in plants led to a reduction in cell
wall constituents or plant fiber. Our inability to detect
differences in plant fiber between carcass and control
plants may reflect structural differences in the dif-
ferent individual plants and plant species collected
at each location, along with differences in microbial
and soil properties at collection sites (Barton et al.
2013). In our plant samples, we did not control for the
proportion of fibrous stems and less-fibrous leaves,
and digestibility of plant tissues vary dramatically
depending on the part of the plant collected (Buxton
and Marten 1989).

We found support for our hypotheses that season
and carcass weight would affect N and 8'°N concen-
trations in soils and plants, although these effects
were smaller than time, as determined via model
selection. The summer season was characterized
by higher values of total N in both soils and plants,
which we attribute to faster carcass decomposition
times (Towne 2000), and the potential for leaching to
reduce N concentrations during the wet, winter sea-
son. Prey size may not have been influential on total
N as we sampled actual mountain lion kills rather
than placed whole carcasses as part of an experi-
ment. Mountain lions fed from carcasses along with
a diverse vertebrate scavenger community (Elbroch
et al. 2017), and therefore prey remains may have
been more comparable in size regardless of the ini-
tial size of carcasses. Moreover, because we assessed
ungulate carcasses and ignored smaller prey such as
American beavers (Castor canadensis), we may have
limited our ability to discern the effect of carcass
size on total N deposition. Both soil and plant 8'°N,
in contrast, saw increases with carcass size but no
effect of season. Greater 8'°N enrichment may sim-
ply reflect greater N assimilation via volatilization
and other processes associated with larger sources
of organic N, or in plants, an efficient uptake system
utilizing amino acid transporters or other mechanisms
we have yet to understand (Nisholm et al. 2009) in
the nutrient poor soil environments characteristic of
northwestern Wyoming (Griffin et al. 2011).

We estimated that each mountain lion in our study
system created approximately 482 ephemeral hot-
spots of nutrient rich soils over a 9-year lifespan, and
that each year, 12 resident mountain lions produced
101,736 kg of carrion, a mass comparable to that
of a blue whale (Balaenoptera musculus). Our RSF
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analysis based on kill site locations revealed that
this biomass was being placed in only a tiny fraction
of the overall study region, in areas which favored
the stalk-and-ambush foraging strategy of solitary
felids (Holmes and Laundré 2006; Cristescu et al.
2019). This is perhaps strong support for Monk and
Schmitz’s hypothesis that carnivores that hunt dis-
proportionately in small areas will create positive
feedback loops via carcass deposition that in turn
increases plant quality and then attracts ungulates to
feed, beginning the cycle all over again. This is par-
ticularly feasible for mountain lions because they are
considered “land-tenure” species, and new mountain
lions in populations generally exhibit home range
characteristics very similar to their predecessors that
they replaced (Seidensticker et al. 1973); in this way
generations of mountain lions might hunt, and “gar-
den,” the very same areas.

Nevertheless, risk experienced by prey species is
context dependent (e.g., impacted by topography and
prey behaviors; Heithaus et al. 2009) and may not fol-
low clean patterns as proposed by Monk and Schmitz
(2022). Carcasses give woody trees a competitive
advantage over herbaceous plants, for example, and
therefore plant N enrichment via carcass deposition
could alter plant communities as well as plant struc-
ture (Bump et al. 2009b); structural changes could in
turn influence prey vulnerability and hunting behav-
iors of carnivores, both of which impact the hunting
success of carnivores vital to completing the preda-
tion-enrichment cycle. Humans also alter species
interactions, and in systems where anthropogenic
impacts are large, predator—prey interactions may be
even more difficult to predict (Haswell et al. 2017).
Therefore, we expect that field experiments will need
to be very carefully planned to test whether herbi-
vores preferentially select past predation sites to for-
age, beginning the cycle all over again (Monk and
Schmitz 2022) (Fig. 1). In terms of field sampling,
we also encourage an exploration of C:N ratios and
stored forms of N in areas where carnivores forage
more frequently, to test for potential long-term effects
of carnivore foraging on N cycles.

Our research supports a growing body of evidence
that large carnivores affect ecosystem function via the
redistribution of carrion resources that spread nutri-
ents via diverse environmental and consumer path-
ways. Carrion produced by carnivores, for example,
affects the distribution and diversity of invertebrates
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(Barry et al. 2019), structures vertebrate scavenger
communities (Allen et al. 2015), impacts plant com-
munity diversity and physical structure (Bump et al.
2009b), as well as affects soil and plant chemistry
(Hilderbrand et al. 1999; Bump et al. 2009a). This
research provided novel insights into complex ecol-
ogy, as well as supports conservation practitioners
faced with improving public support for large carni-
vores and prioritizing “strongly interacting species”
that play disproportionately important roles in main-
taining ecosystem function (Brodie et al. 2018).
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