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ABSTRACT

Specialist species in alpine ecosystems may be increasingly threatened by climate-driven habitat loss and encroachment by gen-
eralist competitors. Ecological theory predicts that niche differentiation through dietary specialisation can facilitate coexistence
with generalist competitors. We quantified dietary overlap between a high-elevation specialist, the Sierra Nevada red fox (SNRF;
Vulpes vulpes necator) and a widespread generalist, the coyote (Canis latrans), as well as other sympatric carnivores. We were
especially interested in dietary items that were themselves specialised to alpine habitats, as we expected them to be most critical
to SNRF. To characterise diet, we used DNA metabarcoding for vertebrate and plant-based food items of 789 carnivore scats col-
lected from the sites of two SNRF populations (Lassen, Sierra Nevada). As expected for potential competitors, SNRFs exhibited
substantial dietary overlap with coyotes overall. Dietary niche overlap was lower between SNRF and both bobcats (Lynx rufus)
and martens (Martes caurina). Compared to coyotes, however, SNRF more frequently consumed snow-adapted prey, including
white-tailed jackrabbits (Lepus townsendii) and American pika (Ochotona princeps) (SIMPER p <0.005), especially during peri-
ods of deep snow. Whitebark pine (Pinus albicaulis; presumably seeds) also appeared more regularly in SNRF winter diets com-
pared to coyotes. These findings support the hypothesis that co-adapted subalpine prey facilitate coexistence between specialist
and generalist carnivores by increasing the competitive advantage of specialists under snowier conditions. This environment-
mediated shift in competitive dynamics implies that the fates of locally adapted predator and prey may be tightly linked, an
important consideration for conservation planning in alpine ecosystems.
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1 | Introduction

Climate change has precipitated range expansions of many
generalist species (Davey et al. 2012; Rodder et al. 2021). Such
expanding generalist species can threaten more range- or habitat-
restricted specialist species via competition (Urban et al. 2012).
In contrast to temperate zones, where species composition is
often more dynamic due to weaker interspecific interactions, ex-
treme climate zones tend to support more specialist species, for
which fates may be tightly linked, especially among predators
and their prey (Elton and Nicholson 1942; Gilman et al. 2010). In
high-elevation zones, specialist communities may be especially
atrisk, as they face both shrinking bioclimatic envelopes and in-
creased competition from generalist species expanding upslope,
whose competitive dominance is favoured by warming tempera-
tures (Rodder et al. 2021). Coexistence of specialist predators
with generalist competitors in such communities may depend
on the presence of prey also adapted to high elevations that are
comparably less vulnerable to generalist predators. In turn, per-
sistence of such specialised prey depends on climatic conditions
that favour their adaptive defences against generalist predators.
Understanding such linked relationships is essential to conserv-
ing increasingly threatened montane specialists.

Some prey species in high-elevation montane ecosystems have
evolved low foot loading to facilitate locomotion on snow to
evade predators. Reduced snow depth and seasonal duration can
therefore render such snow-adapted prey species increasingly
vulnerable to generalist predators, threatening their persistence
(Niittynen et al. 2018; Peers et al. 2020). Loss of keystone prey
(i.e., those with a disproportionate effect on the carnivore com-
munity), in turn, could disrupt long-term niche relationships
among carnivores, threatening the persistence of more ecolog-
ically specialised mesocarnivores. Current projections indicate
that snowpack levels in the Sierra Nevada and Cascade moun-
tain ranges of the Pacific Crest in the western United States
could decline to less than half of their historical (mid-20th cen-
tury) averages by the late twenty-first century due to climate
change (Knowles et al. 2006; Shulgina et al. 2023). The contin-
ued decline of snowpack in high-elevation ranges has likely al-
ready contributed to the losses of species specifically adapted to
high-elevation habitats and threatens remaining high-elevation
specialists with extirpation (Parmesan 2006; Urban 2018).

In the Cascade and Sierra Nevada mountain ranges (i.e., Pacific
Crest) of the southwestern USA, multiple snow-specialised spe-
cies are at risk or in decline, including the endangered Sierra
Nevada red fox (SNRF; Vulpes vulpes necator), one of three
recognised subspecies of an evolutionarily distinct lineage of
high-elevation red foxes, and several of its potential prey and veg-
etative foods, such as white-tailed jackrabbit (Lepus townsendii),
snowshoe hare (Lepus americanus), American pika (Ochotona
princeps) and whitebark pine (Pinus albicaulis).

Both of the two extant California SNRF populations, one in the
Sierra Nevada range and the other one near Lassen Peak, have
been listed as Threatened under the California Endangered
Species Act (CESA) since 1980. In addition, the Sierra Nevada
distinct population segment (DPS) of the SNRF was listed in
2021 as Endangered under the U.S. Endangered Species Act due
to the existence of too few populations, low abundance and low

genetic diversity (U.S. Fish and Wildlife 2021; Quinn et al. 2019).
The Southern Cascades DPS, which includes the Lassen popu-
lation, also was petitioned for federal listing in February of 2024
(Center for Biological Diversity 2024).

The SNRF occurs sympatrically with multiple other mesocar-
nivores that likely compete for common resources to varying
degrees, including coyotes (Canis latrans), bobcats (Lynx rufus)
and Pacific martens (Martes caurina). According to niche the-
ory, when multiple species share similar resource utilisation, the
potential for competition increases (Macarthur and Levins 1967;
Masters and Maher 2022). Long-term coexistence of species
with similar niches, therefore, suggests the possibility that past
competition has resulted in sufficient partitioning of fundamen-
tal niches (Levin and Paine 1974; Levins 1979). To mitigate in-
terspecific competition, sympatric predators can employ various
strategies to reduce niche overlap across spatial, temporal and
trophic dimensions (Chase and Leibold 2003; Ferreiro-Arias
et al. 2021). Among these strategies facilitating coexistence, dif-
ferentiation in diet (i.e., reducing niche overlap) may play a cru-
cial role for mesocarnivores (Palomares and Caro 1999; Neale
and Sacks 2001a, 2001b; Smith et al. 2018).

Within the SNRF's carnivore guild, the coyote, a larger-bodied
canid, is expected to have the most similar ecological niche
and, therefore, to present the greatest competitive challenge to
SNRFs (Palomares and Caro 1999; Azevedo et al. 2006; Webster
et al. 2021). Throughout much of lowland North America, red
foxes and coyotes occur in sympatry, with the larger coyote often
profoundly affecting red fox abundance in space and time (Levi
and Wilmers 2012; Newsome and Ripple 2015). The dynamic
coexistence of low-elevation red foxes with coyotes is likely fa-
cilitated by the sheer size, habitat variability and continuity of
the red fox range. However, these qualities do not apply to high-
elevation red fox populations, which exist in isolated sky islands
that effectively trap them in place, while coyotes are continu-
ously sourced from lower elevations. Isolation is especially pro-
nounced in red fox populations along the Pacific Crest (Quinn
et al. 2022, 2024). Therefore, long-term coexistence of SNRF
with coyotes must be achieved through some other mechanism,
such as niche partitioning.

Indeed, although red foxes in general are known for their
broad ecological niche (Voigt 1987), montane red foxes appear
to have several unique adaptations to high-elevation montane
ecosystems, some of which may facilitate persistence in the
face of competition from coyotes (Buskirk and Zielinski 2003;
Van Etten et al. 2007; Perrine et al. 2010). Sierra Nevada red
foxes breed later in the year than red foxes at lower elevations
adjacent to these mountain ranges. This trait is thought to be
important in synchronising parturition with green-up and
avoidance of the seasonal period of coldest temperatures and
greatest food scarcity (Sierra Nevada Red Fox Conservation
Advisory Team [SCAT] 2022). Relative to lowland red foxes at
lower elevations, additional specialisations include smaller toe
pads more densely covered in fur, resulting in a larger overall
surface area, lower body mass and a dense fur coat (Grinnell
et al. 1937; Fuhrmann 1998; Perrine et al. 2010; SCAT 2022).
The heavily furred toe pads and low body mass of montane red
foxes reduce their foot loading on snow, similarly to adaptations
of the Canada lynx (Lynx canadensis), which aid in the capture
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of similarly snow-adapted leporids, such as the snowshoe hare
(Fuhrmann 1998, 2002; Perrine 2005). Foot loading in montane
red foxes is similar to that of the snowshoe hare and Canada
lynx (Fuhrmann 1998; Peers et al. 2020), and is up to 9x lower
than foot loading of the coyote, likely shifting the competitive
balance in favour of SNRF over coyote in deeper snow condi-
tions (Murray and Boutin 1991).

Where they have been studied together, red foxes and coyotes
typically exhibit high dietary overlap (Masters and Maher 2022),
albeit with coyotes more frequently consuming larger prey, such
as mule deer (Odocoileus hemionus), and red foxes more fre-
quently consuming smaller prey, such as deer mice (Peromyscus
sonoriensis) (Major and Sherburne 1987; Peterson et al. 2021,
Castafieda et al. 2022; Jensen et al. 2023). Based on a small
number of limited diet studies of montane red fox diets, the
most common year-round prey appears to be pocket gophers
(Thomomys spp), with snowshoe hare figuring more promi-
nently in winter diets, along with whitebark pine during mast
years (Perrine et al. 2010; Cross and Crabtree 2021; SCAT 2022).
We predicted that lagomorphs would play a central role in SNRF
diets, particularly in winter and early spring. In addition to
being better adapted than coyotes to catch these medium-sized
prey on snow, we presumed them to compose an energetically
optimal prey in winter and early spring, when male foxes must
provision pregnant mates, and when most other medium-sized
prey (e.g., ground squirrels) would be hibernating and unavail-
able. In the Lassen population, snowshoe hares represent the
primary lagomorph available in subalpine habitat, whereas in
the high-elevation Sierra Nevada, white-tailed jackrabbits make
up the more abundant species and are thought to be a histor-
ically important winter prey for SNRF (Grinnell et al. 1937).
Another high-elevation lagomorph, the American pika, occurs
in the high Sierra and Cascade peaks, as do whitebark pine
trees, both of which represent potentially important subalpine
foods on which we expect the SNRF to specialise (U.S. Fish and
Wildlife 2018); whitebark pine nuts could present important
sources of calories in winter in the form of seed caches buried
the previous fall by sciurids (Cross and Crabtree 2021) or Clark's
nutcrackers (Nucifraga columbiana; McLaren et al. 2023).

Aspart of a broader effort to inform recovery plans for the SNRF,
our overarching aim in this study was to assess the potential role
of subalpine-adapted prey or vegetative food species in sustain-
ing SNRF populations, particularly in the context of presumed
competition with other specialised and generalist predators of
the subalpine community. Our primary objective was to inves-
tigate dietary niche relationships between SNRF and coyotes
in the Sierra Nevada site, while using smaller samples of SNRF
from the Lassen population and from bobcats and martens from
the Sierra site to augment these findings. We tested the follow-
ing predictions: (1) SNRF consume significant quantities of lago-
morphs, (2) dietary niche overlap of SNRF is higher with coyotes
than with bobcats or martens, (3) relative to coyotes, SNRF
consume more lagomorphs and small rodents, but fewer mar-
mots (Marmota flaviventris) and deer, (4) lagomorphs make up
a greater proportion of the SNRF winter diet than in other sea-
sons, and (5) SNRF consistently consume significant numbers
of lagomorphs, whereas coyote consumption of lagomorphs de-
clines in high-snow years, when their higher foot-loading poses
the greatest impediment to capture of lagomorphs. We also

investigated and compared consumption of whitebark pine nuts
by carnivores to assess the importance of this alpine-restricted
dietary item, especially as a winter food source in SNRF.

2 | Materials and Methods
2.1 | Study Area

The Lassen survey area was in the southernmost portion of the
Cascade Range in California at elevations ranging 1722-3187 m.
Our sampling area included Lassen Volcanic National Park
and Lassen National Forest, including the Caribou Wilderness
(Figure 1). The vertebrate community included coyotes, mar-
tens, bobcats, snowshoe hares, American pikas, pocket go-
phers, California ground squirrels (Otospermophilus beecheyi),
Belding's ground squirrels (Urocitellus beldingi), golden-mantled
ground squirrels (Callospermophilus lateralis), chipmunks
(Tamias spp.), yellow-bellied marmots, voles (Arvicolinae spp),
deer mice, mule deer and many species of birds. The most abun-
dant trees included whitebark pine and mountain hemlock
(Tsuga mertensiana) in subalpine habitats, and lodgepole pine
(Pinus contorta), Jeffrey pine (P. jeffreyi), western white pine (P.
monticola) and red fir (Abies magnifica) in upper montane for-
ests. Annual precipitation averages approximately 105cm in the
Lassen survey area, most of which falls during winter as snow
(Parker 1991).

The Sierra Nevada survey area was located along a 50-km
length of high-elevation habitat in the central Sierra Nevada of
California, with sampling efforts focused on subalpine and al-
pine regions that were 2570-3500m above sea level (Figure 1).
The survey area was entirely within federal public land and pri-
marily in protected wilderness areas (Quinn et al. 2019). The
habitat was similar to that of the Lassen study area, except that
it was at higher elevation, on average, and whitebark pine was
therefore more widespread relative to lodgepole pine and other
pines, such as western white pine and Jeffrey pine. Additionally,
the main leporid species at the Sierra Nevada site was the white-
tailed jackrabbit, rather than snowshoe hare. Average annual
precipitation at Sonora Pass was approximately 130 cm, most of
which falls in the winter as snow (Schoenherr 1992).

2.2 | Samples

We used 925 DNA extracts from scats obtained during 2011-
2017 for previous studies or monitoring efforts (metadata
available in Dryad). These scats were previously species-typed
using a portion of the mitochondrial cytochrome b gene to
identify scats as coming from SNRFs, coyotes, martens and
bobcats for which methods were previously detailed (Quinn
et al. 2019; SCAT 2022). Briefly, searches were conducted on
foot along trails, ridges and at passes. In the Lassen area, scats
thought likely to be from SNRF were collected. In the Sierra
Nevada, all carnivore scats encountered except those of black
bear (Ursus americanus), which were readily distinguished
from those of other carnivores, were collected. Coordinates of
the scat locations were recorded before collecting in a paper
bag; a small portion of each scat (~1 cm?) was stored in 8-12mL
of 95%-99% ethanol usually on the same day of collection.
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Lassen Study Area

FIGURE1 | Lassen and Sierra Nevada mesocarnivore diet study areas, along with locations of 925 mesocarnivore scats (brown circles) collected
in California, USA. The Lassen area included 133 Sierra Nevada red fox (SNRF) scats collected from 2011 to 2015 in Lassen National Park and Lassen
National Forest. The Sierra Nevada area included 317 SNRF, 329 coyote, 88 marten and 58 bobcat scats collected from 2011 to 2017 north of Yosemite

National Park in the Stanislaus and Humboldt-Toiyabe National Forests.

Survey effort varied among years, for example, ranging in the
Sierra from 31 days to survey 553 km and recovery of 396 scats
(including 48 successfully sequenced SNRF samples; 2017) to
118 days to survey 1445km and recovery of 460 scats (includ-
ing 89 successfully sequenced SNRF samples; 2013) (Quinn
et al. 2019). The DNA was extracted using the QIAamp Stool
Kit (Qiagen Inc., Valencia CA) according to manufacturer's
instructions except that elution was limited to 50 L. Based
on 84% of samples in the Sierra site for which we also had as-
sociated GPS tracks, collection of a single DNA-verified SNRF
scat required on average 1.6 days and 12.9 km of survey effort.
The bulk of survey effort involved intensive scat searches
conducted in the snow-free periods, when backcountry travel
was easiest, which resulted in fewer winter scats compared to
the spring, summer and fall seasons. Seasons were defined as
winter (Dec-Mar), spring (Apr-Jun), summer (Jul-Aug) and
fall (Sep-Nov). Although the age of scats was unknown, we
presumed most that were successfully species typed (which

are the only ones used in this study) were deposited recently
(e.g., <1month). Even if scats are not scattered by wind or
other animals, field trials indicate that amplification success
of DNA from scats declines steadily with the age of scat, and
precipitously when more than a month old (Piggott 2004).
Nevertheless, we expect that some portion of the scats was
likely deposited in the season prior to that in which they were
collected, which would tend to introduce noise into observed
seasonal patterns.

2.3 | Metabarcoding Procedures

Preparation of the sequencing libraries entailed two PCR
steps for each DNA extract: (1) amplification of vertebrate and
plant markers (amplicon PCR) and (2) annealing of Illumina-
compatible adapter sequences and unique 8-bp (forward) and
6-bp (reverse) indexes (index PCR). For the amplicon PCR, we
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used a multiplex reaction to simultaneously amplify prey species
and plant-based food items with both vertebrate and plant mark-
ers (Table S1). For the vertebrate marker, we amplified a 101-bp
region of the mitochondrial 12S gene, using a modification (Caspi
et al. 2025) of previously published primers (Riaz et al. 2011).
Specifically, we added degenerate bases to the first two 5’ bases
of the forward primer and to the last 3’ base of the reverse primer
to broaden the taxonomic range of the primer set. We deemed
these modifications necessary based on comparisons of the pub-
lished primers to sequences accessioned in NCBI, which indi-
cated a few consistent mismatched bases. Most importantly, the
3’ base of the reverse Riaz et al. (2011) primer mismatched that
of all species examined within the family, Geomyidae, which in-
cluded pocket gophers, an abundant prey item in the montane
ecosystems. We also included custom oligonucleotide blockers
specific to red foxes, coyotes, martens and bobcats (Table S1) to
help reduce predator detections and increase prey item detec-
tions (Deagle et al. 2009; Shehzad et al. 2012). We designed these
blockers similarly to those of a previous carnivore study that
used the 12S locus with a 3’ 3-carbon spacer (C3 CPG; Vestheim
and Jarman 2008; Shehzad et al. 2012). For the plant marker, we
amplified a variable-length (< 100 bp) region of the P6 loop of the
trnL intron of the chloroplast DNA, specifically using trnL_g
and trnL_h (Taberlet et al. 2007). To both primer sets, we added
sequence overhangs to the 5’ ends to allow a second round of
amplification to attach Illumina adapter and index sequences.

For the amplicon PCRs each 9-uL reaction included 2-uL DNA
sample, 1.7-uL of RNase-free water, 5.5uL of 2x Multiplex
Mastermix (Qiagen, Valencia, CA, USA), 1.1uL of 10X Qiagen
Q-solution, 0.8-uM predator blocker, 0.1-uM trnL-g and 0.1-uM
trnL-h, 0.08-uM P5-12SV5 and 0.16-uM P7-12SV5. Samples
were then run on the following thermal profile: Denatured at
95°C for 15min; followed by 40cycles of 30s at 94°C and 90s at
55°C, then 15°C indefinitely.

We cleaned amplicon PCR products using an exonuclease and
shrimp alkaline phosphatase (SAP) solution (Exo-SAP) (Olsen
et al. 1991). To clean with Exo-SAP solution, 3L of amplicon
product from each sample was added to the following mixture:
0.075uL of 20-uM exonuclease I, 2.775uL of TE buffer (10 mM
Tris-HCl+1mM EDTA), and 0.15uL of 1U/uL SAP (New
England Biolabs, Ipswich, MA, USA). Samples were then run
on the following thermal profile: 37°C for 30 min followed by
80°C for 15min.

For the index PCR, each 25.5-uL reaction included 12.5uL of 2x
NEBNext Ultra IT Q5 Master Mix (New England Biolabs), 1-uM
indexed P5 primer, 5uL of RNase-free water, 2.5uL of 10-uM
indexed P7 primer and 3uL of cleaned PCR product from the
first reaction. Samples were then run on the following thermal
profile: 98°C for 30s, 8cycles of 98°C for 10s, 8cycles of 65°C
for 75s, 65°C for 5min and 4°C indefinitely. We pooled 2uL
from each sample of index PCR product and purified it using
a QiaQuick column (Qiagen) following the manufacturer's pro-
tocol and stored the final product in a 1.5-ml Lo-Bind tube at
—20°C until all plates could be pooled. Pooled libraries were
sent to Novogene Corporation Inc. (Sacramento, CA, USA) or
Admera Biopharma (South Plainfield, NJ, USA) for paired-end
150-bp sequencing on an Illumina NovaSeq S4 or NovaSeq X
Plus, respectively.

We processed 95 arbitrarily selected samples twice as indepen-
dent replicates to assess the repeatability of the metabarcoding
results (Ficetola et al. 2015). As a measure of background con-
tamination during the metabarcoding process and to identify ar-
tefacts for removal, such as reagent contaminants (e.g., human,
potato starch), we also included 104 controls, specifically 8 con-
trols in each of 13 96-well plates: two positive controls composed
of separate mixtures of equimolar vertebrate or plant DNA
from multiple species foreign to the Cascade and Sierra Nevada
ranges, a combination of these two mixtures, and 5 no-template
controls (NTCs). The vertebrate mixture was composed of
0.2ng/uL DNA from Laysan albatross (Phoebastria immutabi-
lis), elephant seal (Mirounga angustirostris), blunt-nosed leopard
lizard (Gambelia sila), wakasagi smelt (Hypomesus nipponensis)
and western yellow bat (Lasiurus xanthinus). The plant mixture
was composed of Joshua tree (Yucca brevifolia), desert mari-
posa (Calochortus kennedyi), pickleweed (Salicornia pacificus),
Thurber's sandpaper plant (Petalonyx thurberi) and Bigelow's
linanthus (Linanthus bigelovii).

2.4 | Data Analysis

We used Cutadapt to remove priming and adapter sequences
from the sequencing reads (Martin 2011). We then used the
DADAZ2 R package to reduce sequencing errors and filter the se-
quencing reads by expected insert length (Callahan et al. 2016).
We ran DADAZ2 separately for 12SV5 and trnL primers, using a
minimum filtering length of 80bp and a maximum of 110bp for
12SV5 reads and a minimum length of 10bp and a maximum of
79 bp for trnL reads.

For each marker, we sorted amplicon sequence variants (ASVs)
from most frequent to least frequent in the data set and discarded
all ASVs with frequencies >99th percentile. Next, we assigned
each of the remaining ASVs to a taxon using the Nucleotide da-
tabase in GenBank with the Basic Local Alignment Search Tool
(BLAST) algorithm (Altschul et al. 1990) or, when no accept-
able match was found (e.g., snowshoe hare, Lepus americanus;
California ground squirrel, Otospermophilus beecheyi), from our
custom sequence library.

To assign vertebrate ASVs (i.e., 12SV5) to the species level, we
required that ASVs matched the corresponding sequence at
>99% of bases (percent identity), overlapped at least 98% of
the length of the amplicon (query coverage), occurred in the
study area, and were the only species meeting those criteria.
Alternatively, when the top hits corresponded to species not
present in the study area (e.g., Peromyscus maniculatus bair-
dii), we inferred the most closely related taxon that occurred
in the study area, usually for which no sequence was available
in GenBank or in our collection (e.g., Peromyscus sonoriensis).
When multiple species occurring in the study area had equally
high identity matches (e.g., several Tamias spp), we assigned
taxa to the genus level. More generally, when multiple taxa at
any level were present in the study area with similarly high
identity matches (e.g., several birds in the order Passeriformes),
we assigned taxa to the lowest-level taxon possible. In a few
cases, when no 12SV5 sequence was available on GenBank
or in our collection, the next-highest taxonomic level was as-
signed. Multiple ASVs that were identified as the same taxon
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were pooled into a single operational taxonomic unit (OTU),
that is, diet item, by summing the sequence reads across all
such ASVs. For data analysis, we used only prey reads, that
is, excluding carnivore reads, reagent contaminants identified
from controls and other artefacts (e.g., nuclear-embedded mi-
tochondrial DNA sequences [numts]).

To investigate the potential role of whitebark pine nut caches in
the diets of SNRF, we used the trnL marker, which resulted in a
45bp sequence for Pinus spp., and differentiated lodgepole pine
by one substitution from whitebark and other high-elevation
pines, including western white pine. Two other montane pines,
Jeffery pine and sugar pine (P. lambertiana), shared the se-
quence with whitebark pine, but typically occurred below the
elevations of the Sierra Nevada site. We also noted occurrence
of fruits, such as manzanita (Arctostaphylos spp.) that foxes
and coyotes were known to regularly consume (Neale and
Sacks 2001a, 2001b; B. N. Sacks, unpublished data), but assumed
that most diet items from plants with non-fleshy fruits, such as
buckwheats (Eriogonum spp.), could have derived secondarily
from the ingesta of vertebrate prey.

We removed from each sample diet items composing < 1% of the
total number of sequencing reads for a given marker (12SVS5,
trnL). We expressed remaining reads in terms of frequency of
occurrence (FOO) and relative read abundance (RRA), where
FOO represents the percent of samples containing a given diet
item and the RRA is calculated as the average across samples
of the proportional composition of reads of a given diet item in
each sample. We calculated RRA separately for vertebrate and
plant reads. Although RRA is more susceptible than FOO to
bias by factors such as uneven PCR amplification of different
prey items (Lamb et al. 2019), such biases were expected to
apply equally to comparison groups; therefore, they did not in-
validate qualitative comparisons among mesocarnivore diets
(White et al. 2023; Caspi et al. 2025). Moreover, RRA is less
susceptible than FOO to over-representation of frequent but
low read numbers due, for example, to background contami-
nation. Consequently, the two measures provide complemen-
tary ways of characterising diet.

Although we used these direct measures of diet-item consump-
tion (FOO, RRA) in all statistical analyses unless specifically in-
dicated otherwise, it was also important for the interpretation of
the importance of various diet items to assess their contributions
to the diet in terms of the proportion of biomass consumed. We
used the observation that larger prey contribute proportionally
more biomass per occurrence than do smaller prey (Neale and
Sacks 2001a, 2001b). We employed correction factors (scalar
multipliers of FOO) derived from a previous study of coyote and
bobcat diets in terms of both frequency of occurrence and an
independent measure of biomass consumption (table 2 in Neale
and Sacks 2001b) to grossly estimate the proportion of biomass
consumed by each predator. We calculated correction factors
for each prey item as the ratio of estimated biomass consump-
tion from table 2 in Neale and Sacks (2001b) divided by FOO for
each of the same prey items in the same table, most of which had
conspecific or closely related counterparts with similar body
sizes in our study (Table S2). Because Neale and Sacks provided
biomass and FOO estimates separately for coyotes and bobcats
(but which were similar), we averaged the bobcat and coyote

biomass/FOO ratios for each prey for application to all carni-
vores in this study.

To compare prey-item richness among groups with different
sample sizes, we created species accumulation curves (SAC)
using the ‘specaccum’ function (Ugland et al. 2003) in the R
package vegan (Oksanen et al. 2024). The SAC curves were cre-
ated with the ‘random’ method choice, which finds the mean
SAC and its standard deviation from random permutations of
the data (Gotelli and Colwell 2001). To then estimate the ex-
pected prey richness (i.e., under infinite sample size) for each
mesocarnivore, we calculated Chao richness extrapolation val-
ues and standard errors with the vegan subpackage ‘specpool’
(Chao 1987). Shannon diversity was calculated for each me-
socarnivore using the ‘specnumber’ and ‘diversity’ functions
in vegan.

We computed a pairwise matrix of Jaccard dissimilarity indexes
based on FOO values and a pairwise matrix of Bray Curtis dis-
similarity indexes based on RRA values among samples using
the ‘vegdist’ function in vegan. We used these dissimilarity
matrices to create both FOO-based and RRA-based nMDS
plots for the diet of all our sampled mesocarnivores. We then
performed a series of PERMANOVA tests using the ‘adonis2’
function in vegan to assess statistically significant differences in
diets among mesocarnivores, where ‘difference’ in this case was
defined as a difference in the centroid (diet composition), the
dispersion (diet breadth), or both (Anderson and Walsh 2013).
We compared the prey items of the Sierra Nevada SNRF to the
prey items of Lassen SNRF, the Sierra Nevada coyote, Sierra
Nevada marten and Sierra Nevada bobcat by running separate
PERMANOVAs for each pairing.

We additionally calculated Pianka's niche overlap indices (0: no
overlap, 1: full overlap; Pianka 1973) using the ‘spaa’ subpack-
age in vegan (Zhang and Ma 2014) and FOO values of each prey
item. Niche overlap tables were created for rarefied samples to
account for different sample sizes among the mesocarnivores.
We used a null model analysis to test whether the observed
niche overlap values differed from what would be expected by
chance if diets were identical, using the ‘EcoSimR’ package to
compare results with 1000 permutations of a null model that re-
tained the dietary niche width of each species while randomis-
ing prey item values (Gotelli et al. 2015). We used the ‘simper’
function in vegan to perform a similarity percentage (SIMPER)
analysis (Clarke 1993) between Sierra Nevada SNRF and Sierra
Nevada coyotes on our Jaccard dissimilarity matrix data to de-
termine which prey items contributed the most to dietary niche
differentiation between these two mesocarnivores.

To further investigate the role of SNRF adaptation to capture
of white-tailed jackrabbits in snow, we examined the relation-
ship between annual snowpack and both SNRF and coyote
consumption of white-tailed jackrabbits. To test the predic-
tion that the difference in consumption of this prey by the two
predators would increase with increasing snowpack (SNRF
consumption positively and coyote consumption negatively
correlated), we compared the snow water content measured as
of April 1st of each year in the Central Sierra Nevada weather
stations downloaded from the California Department of Water
Resources (https://cdec.water.ca.gov) to the frequency of
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https://cdec.water.ca.gov

TABLE 1 | Sample sizes and dietary diversity metrics for 103 Sierra Nevada red fox (SNRF) scats from Lassen from 2011 to 2015 and 296 SNRF
scats, 279 coyote scats, 61 marten scats and 50 bobcat scats from the Sierra Nevada from 2011 to 2017.

No. Vertebrate

Predator No. of scats (n) Prey items Chao estimated richness Chao SE Shannon diversity
Lassen SNRF 103 53 93.74 23.55 3.19
Sierra SNRF 296 50 74.00 15.99 2.54
Sierra coyote 279 55 69.99 9.00 2.76
Sierra marten 61 30 44.88 12.28 3.01
Sierra bobcat 50 36 88.92 40.11 3.12

occurrence of white-tailed jackrabbits in scats of the two pred-
ators. Although seasonal patterns of snowpack vary some-
what across years, April 1 represents a relatively consistent
measure of peak annual snowpack. As an additional indicator
of specialisation versus opportunistic consumption, we com-
pared the multiannual consistency between the carnivores
in consumption of both white-tailed jackrabbits and pine.
Although we had no data on the abundance of lagomorphs or
mast across the years of our study, both are known generally
to vary multiannually (e.g., Hodges 1999; Bartel et al. 2008;
Crone et al. 2011). Our expectation, therefore, was that a more
specialised diet would be reflected in consistent consumption
across years (i.e., regardless of fluctuations in availability),
whereas opportunistic consumption would be reflected by
more variable multiannual consumption, consistent with con-
sumption tracking availability.

3 | Results
3.1 | Vertebrate Diet Items

We attempted to sequence 925 predator scats, along with 95 rep-
licates (approximately 10%), 26 positive controls and 78 negative
control samples (i.e., including 65 NTCs and 13 positive controls
for each marker). Positive controls (n =26) contained an average
0f 39,546 (SD = 34,546) vertebrate sequence reads each, nearly all
of which corresponded to the expected positive-control species.
Positive controls contained only 5.6 (range: 0-40) contaminant
prey reads (0.01%) on average. From negative controls (n=78),
we identified 176 contaminant prey reads per sample on aver-
age, with 95% of them containing <300 prey reads. As a mini-
mum threshold for total prey read count for including a sample
in analyses, we used double the number of reads corresponding
to the 95th percentile for contaminant reads in negative controls
(i.e., 300), which translated to excluding scat samples with <600
prey reads.

We identified 90 vertebrate dietary items composed of 151 ASVs
(Tables S3 and S4). Most ASVs were assigned at the species level,
although some ASVs were consistent with multiple species with
a 100% match (e.g., Tamias spp., Microtus spp). The resulting
dataset contained 866 mesocarnivore samples with > 600 reads,
including 789 distinct samples and 77 replicates (Table 1). Based
on the 77 pairs of replicate samples, the RRA correlation was
nearly perfect (Pearson r=0.999), indicating that the dietary
composition of the samples was highly repeatable. The average

number of vertebrate reads in samples was 18,399 (SD =15,497).
The number of vertebrate prey items per sample averaged 2 and
ranged from 1 to 6.

3.2 | SNRF Diet in Lassen and Sierra Nevada
Populations

Our sample size was higher for the Sierra SNRF than for the
Lassen SNRF (Table 1). Nevertheless, the Lassen SNRF popula-
tion showed higher breadth and variation in scat prey items com-
pared to Sierra Nevada SNRF in terms of SACs, total numbers
of prey items recorded (despite smaller sample size and increas-
ing SAC), and Chao richness and Shannon diversity estimators
(Figure S1; Table 1). We detected significant differences in prey
composition of diets between the Lassen and Sierra Nevada pop-
ulations for both FOO and RRA values (Table 2; Figure S2).

We observed both commonalities and differences in the prey in
the diets of SNRF from the two populations. For example, pocket
gophers were the top prey item in both populations in terms of
estimated biomass, FOO and RRA (Figure 2; Tables S3 and S4).
Lagomorphs were also important in both populations, although
the primary lagomorph species in the diets differed as expected
given the ranges of these prey species. In terms of biomass con-
sumption, snowshoe hare was the third highest ranked prey
item in the Lassen population (after pocket gophers and golden-
mantled ground squirrels), whereas white-tailed jackrabbit and
American pika were the second and third highest ranked prey
items, respectively, in the Sierra Nevada population (after pocket
gophers). Patterns were similar based on RRA, although snow-
shoe hare was the second highest ranked prey item in Lassen
(Table S4). In contrast to the Sierra population, the Lassen popu-
lation also frequently consumed fish, principally rainbow trout.

3.3 | Dietary Breadth and Overlap of SNRF With
Sympatric Mesocarnivores

Compared to SNRF and coyotes in the Sierra Nevada site,
our sample sizes were relatively small for bobcats and marten
(Table 1). Nevertheless, bobcat diets showed the highest prey
richness and breadth based on SACs, Chao estimators and the
Shannon diversity index (Figure S1; Table 1). Based on both
PERMANOVA and Pianka's niche overlap index, we detected
significant differences in diet composition between SNRF and
each of the other mesocarnivores, including coyotes, for both
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TABLE 2 | Results of permutational multivariate analysis of
variance (PERMANOVA) performed on frequency of occurrence
(FOO) and relative read abundance (RRA) in Lassen (Las) and Sierra
populations of Sierra Nevada red fox (SNRF) and Sierra SNRF with
sympatric coyotes, martens and bobcats.?

PERMANOVA

No. of

Data  Pairing  scats (n) R? F, p

FOO Sierra
SNRF/
Las SNRF

296/103 0.036 14.67 <0.001

Sierra 296/279 0.029 16.83 <0.001
SNRF/

coyote

Sierra 296/61 0.053 1970 <0.001
SNRF/

marten

Sierra 296/50 0.056 20.29 <0.001
SNRF/

bobcat

RRA Sierra
SNRF/
Las SNRF

296/103 0.033 13.30 <0.001

Sierra 296/279 0.014 8.30 <0.001
SNRF/

coyote

Sierra 296/61 0.067 24.88 <0.001
SNRF/

marten

Sierra 296/50 0.056  20.28 <0.001
SNRF/

bobcat

2Analyses used 103 SNRF scats from Lassen from 2011 to 2015 and 296 SNRF
scats, 279 coyote scats, 61 marten scats and 50 bobcat scats from the Sierra
Nevada from 2011 to 2017.

FOO and RRA (Tables 2 and 3; Figure S3). Niche overlap was
highest for SNRF and coyote (0.89). Among all the mesocarni-
vore pairings, coyote and marten diets overlapped least (0.46).

Certain prey items occurred more frequently in scats of
some mesocarnivores than others. Of all the Sierra Nevada
mesocarnivores, SNRF had the highest proportion of white-
tailed jackrabbit (FOO=0.29) and deer mouse (FOO =0.34),
whereas coyotes had the highest frequency of mule deer in
scats (FOO =0.15) (Table S3). Converting these numbers to
estimates of biomass consumption similarly indicated high
use of white-tailed jackrabbit by SNRF and deer by coyote,
but indicated that smaller-bodied deer mice represented only
an estimated 7% of the biomass consumed by SNRF despite
their occurrence in 34% of scats (Figure 2). Pocket gophers
occurred less frequently in marten (FOO=0.23) and bob-
cat scats (FOO =0.28), whereas squirrels (Sciuridae), espe-
cially golden-mantled ground squirrels and Douglas squirrels
(Tamiasciurus douglasii), occurred more frequently in marten

(FOO =0.20, 0.13, respectively) and bobcat scats (FOO =0.34,
0.20) compared to SNRF (FOO =0.04, 0.00) and coyote scats
(FOO =0.04, 0.01) (Table S3). In general, sciurids (squirrels)
composed 46% and 52% of the estimated biomass consumed
by martens and bobcats, respectively, but only 7% of estimated
biomass consumed by SNRF; one sciurid, in particular, the
yellow-bellied marmot, composed 11% of the estimated bio-
mass consumed by coyote (Figure 2).

3.4 | Diet Dissimilarity Between SNRF
and Coyotes in the Sierra Nevada

Between the two canids, diets differed in terms of a small
number of prey species, consistent with niche differentiation
due both to body size and adaptive specialisations of both prey
and predators. Specifically, SIMPER analysis showed that
white-tailed jackrabbit (p=0.005), deer mouse (p=0.001) and
American pika (p=0.004) were consumed significantly more
frequently by SNRF than by coyotes (Table S5). In contrast, coy-
otes more frequently consumed mule deer (p=0.001), montane
vole (p=0.004), yellow-bellied marmot (p=0.0001) and dark-
eyed junco (p=0.005). Most prey species contributed similarly
to the biomass consumed by these canids, with the exception of
the smallest and largest prey (deer mice, deer and marmots) and
lagomorphs, white-tailed jackrabbit and pika, that were special-
ised to the subalpine environment (Figure 3).

Seasonal differences provided additional insights into niche
partitioning between SNRF and coyotes (Table S6; Figure S4).
Pianka’s overlap values were lowest (0.69) during winter when
food resources were likely to be most limiting, and higher during
spring (0.91), summer (0.89) and fall (0.86). All comparisons dif-
fered significantly from 1.0 (p <0.001).

Seasonal dietary breadth also varied for Sierra Nevada SNRF
and coyotes. The SACs and Chao species richness estimates
taken together indicated a higher species richness for sum-
mer and fall seasons than winter and spring for both species
(Figure S5; Table S7). Occurrence of prey items in SNRF scats
was more even in winter than in other seasons, resulting in sim-
ilar Shannon diversity estimates of the winter diet to other sea-
sons (Table S7). Hibernating mammals, such as yellow-bellied
marmots and other ground squirrels, were absent in all SNRF
and coyote winter scats, contributing to the lower number of
species consumed (Table S6). Conversely, white-tailed jackrab-
bits were consumed more frequently in winter and spring than
summer or fall, with the difference most pronounced in coyotes
(Figure 4A). This pattern was consistent with the absence in
fall and summer of two prey (marmots, deer) that composed a
large portion of biomass consumed by coyotes (but not SNRF)
overall, suggesting coyotes preyed secondarily on white-tailed
jackrabbits.

3.5 | Whitebark Pine and Other Vegetation

For plant-based diet items, positive controls (n=26) contained
an average of 3386 (SD =10,208) positive control sequence reads
each, along with 35 (range: 0-385) contaminant reads (1%) on
average. From negative controls (n =78), however, we identified
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FIGURE 2 | Dietary composition in terms of estimated proportional biomass contributions of prey calculated as frequency of occurrence multi-

plied by a correction factor (Table S2) for mesopredators including 103 Sierra Nevada red fox (SNRF) scats from Lassen from 2011 to 2015 and 296

SNREF, 279 coyote, 61 marten and 50 bobcat scats from the Sierra Nevada from 2011-2017. Rings from inner to outer represents taxonomic class, order,

family (or subfamily) and species (or lowest known operational taxonomic unit). For convenience, common names and abbreviations were used at

the species level and for some higher-order taxa, for example, to indicate Arvicolinae (voles), Mammalia (mammal), Aves (bird), Rodentia (rodent) or
white-tailed jackrabbits (WTJR). Complete taxonomic information for prey items is provided in Table S2.

4996 contaminant plant reads per sample on average, with a me-
dian of 1155 contaminant reads. The ASV sources of contamina-
tion showed no consistent pattern, indicating that when samples
contained no template plant DNA (i.e., to dominate annealing of
primers) they became highly sensitive to background contami-
nation. Therefore, we focused specifically on pines, which oc-
curred in low frequency in controls (n=5 of 104 controls) and
were of greatest interest, but also noted the occurrence of man-
zanita, which did not show up in any controls.

We documented a significant occurrence of pine in the diets of
both SNRF populations, as well as by coyotes and especially
martens (Tables S8 and S9). Specifically, the ASV associated
with whitebark and other pines (but not lodgepole) was found in

scats of the Lassen SNRF population (FOO =0.26, RRA=0.11),
and in the Sierra Nevada in SNRFs (FOO=0.13, RRA=0.04),
coyotes (FOO=0.11, RRA=0.07) and martens (FOO=0.43,
RRA =0.34), but as expected given its hyper-carnivorous status,
rarely in bobcats (FOO=0.02, RRA=0.03). The Lassen SNRF
scats also frequently contained lodgepole pine (FOO=0.20,
RRA =0.03), in contrast to all carnivores in the Sierra Nevada,
including SNRF (FOO=0.01, RRA=0.01). This difference was
consistent with the higher elevation of the Sierra Nevada than
Lassen study areas (and populations).

Another difference likely reflecting this elevational difference
was in the consumption of manzanita (Arctostaphylos spp.),
which was found in 44% of SNRF scats (RRA =0.19) from Lassen
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TABLE 3 | Pianka's (1973) niche overlap index (below diagonal) and
p-values (above diagonal) estimated for each pair of mesocarnivores
from frequency of occurrence values using rarefaction analysis.?

Sierra Sierra Sierra Sierra
SNRF coyote bobcat Marten
Sierra — 0.001 0.002 0.004
SNRF
Sierra 0.89 — 0.006 0.013
Coyote
Sierra 0.59 0.56 — 0.001
Bobcat
Sierra 0.56 0.46 0.74 —
Marten

2Analyses used 296 Sierra Nevada red fox (SNRF) scats, 279 coyote scats, 61
marten scats and 50 bobcat scats from the Sierra Nevada from 2011 to 2017. The
p-values refer to the null hypothesis that niche overlap was 100%.
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FIGURE 3 | Estimated proportional biomass contributions of prey
species to the diets of Sierra Nevada red fox (SNRF) and coyote prey
based on frequency of occurrence in scats multiplied by a prey body-size
correction factor (see Table S2), illustrating that most prey species con-
stitute similar proportions of the diets of both canids, with exceptions
noted in blue and red symbols. Red symbols indicate prey species with
specialised adaptations to the subalpine zone of the Sierra Nevada on
which SNRF may be especially well-adapted to capture; blue symbols
represent prey species likely to differ between carnivore diets due to
body sizes. Pocket gophers contributed the greatest biomass to the diets
of both carnivores. Data were based on 296 SNRF and 279 coyote scats
from the Sierra Nevada from 2011 to 2017.

and < 1% of SNRF scats (RRA =0.001) in the Sierra Nevada. The
only plant-based items with high frequency in bobcat scats were
buckwheat (Eriogonum spp.) (FOO=0.18, RAA=0.24) and wild
or bitter cherry (Prunus spp.) (FOO=0.18, RRA =0.17), which
were also frequently found in the scats of the other carnivores,
suggesting they likely sourced indirectly from the ingesta of her-
bivorous prey.

Pine consumption by SNRF in the Sierra Nevada site varied
seasonally, consistent with winter reliance on caches of white-
bark pine nuts (Figure 4B). We had too few winter SNRF scats
from Lassen to investigate seasonal trends in that population.
In the Sierra Nevada site, pine FOO values were highest in
SNRF winter scats (winter: 0.38) compared to the other three
seasons (spring: 0.11 summer: 0.13, fall: 0.09; y>=15.94, df=3,
p=0.001). Pine FOO values remained relatively even across sea-
sons for coyotes (winter: 0.13, spring: 0.10, summer: 0.11, fall:
0.16; y>*=1.12, df=3, p=0.77). The RRA patterns were similar,
with pine in SNRF scats highest in winter (winter: 0.19) com-
pared to the other three seasons (spring: 0.04, summer: 0.03, fall:
0.02; Kruskal-Wallis y*=17.65, p=0.0005). Pine RRA values re-
mained relatively even across seasons for coyotes (winter: 0.05
spring: 0.04 summer: 0.08 fall: 0.08; Kruskal-Wallis y*>=0.93,
p=0.82).

3.6 | Multiannual Patterns

We examined patterns of consumption of white-tailed jackrab-
bits and pine in the Sierra Nevada site across 6 years, where we
had sufficient sample sizes for SNRF and coyotes. The FOO of
white-tailed jackrabbit was more stable across years in SNRF
than in coyote scats, which exhibited a downward trend from
2012 through 2017 (Figure 5A). In general, the frequency of
occurrence of white-tailed jackrabbit in SNRF scats was pos-
itively correlated with snow pack, whereas in coyote scats it
was negatively correlated with snow pack, resulting in little to
no difference in consumption by SNRF and coyotes of white-
tailed jackrabbits in low-snow years and large differences in
high-snow years (Figure 5A,B). In contrast, pine FOO var-
ied somewhat erratically across years with no clear relation-
ship to snowpack and did so similarly for coyotes and SNRF
(Figure 5C), consistent with opportunistic consumption by
both carnivores.

4 | Discussion

In this study, we sought to understand which prey were most
crucial to the persistence of Sierra Nevada red foxes in their
subalpine environments. Although we did not and could not
test for competition per se, our inferences about key prey were
guided by the presumption that prey were frequently limiting
in this environment, particularly during winters and springs
(e.g., Schoenherr 1992), and therefore that niche partitioning
was an important determinant of coexistence within the meso-
carnivore community, especially for SNRF relative to coyotes
(e.g., Newsome and Ripple 2015). Our sampling of sympatric
mesocarnivores in the Sierra site, therefore, provided greater in-
sights regarding the importance of prey to the Sierra SNRF pop-
ulation, whereas comparisons between diets of the two SNRF
populations provided additional evidence that lagomorphs
were likely to be broadly important to SNRF across a range of
elevational zones. Based on previous observations reviewed in
the Introduction, we predicted that SNRF were specialised to
capture lagomorphs, particularly white-tailed jackrabbits and
snowshoe hares, in snowy environments and that this adapta-
tion facilitated coexistence with coyotes, which were less able
to efficiently utilise these hypothetically key prey resources,
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FIGURE4 | Seasonal frequency of occurrence of (A) white-tailed jackrabbit and (B) pine for Sierra Nevada red fox (SNRF) and coyote scats in the
Sierra Nevada from 2011 to 2017. Numbers of scats analysed for vertebrates were 23 and 52 winter, 41 and 29 spring, 130 and 94 summer and 100 and

101 fall SNRF and coyote scats, respectively. Numbers of scats analysed successfully for plant dietary items were 26 and 47 winter, 38 and 30 spring,

119 and 85 summer and 94 and 77 fall SNRF and coyote scats, respectively. Bars in both panels denote standard errors.

particularly in winters of high-snow depth. Below, we evaluate
these hypotheses in light of our findings, first those of the two
SNRF populations and then those of the Sierra SNRF relative to
sympatric carnivores.

4.1 | Lassen and Sierra Nevada SNRF Diets

The frequent consumption of snow-adapted lagomorph spe-
cies by both populations of SNRF was consistent with our
prediction that SNRF would specialise on high-elevation lag-
omorph species with which they historically coexisted and
therefore potentially co-evolved. Snow-adapted lagomorphs
were within the top 3 diet items for both Lassen and Sierra
Nevada SNRF populations. Snowshoe hares were the primary
lagomorph consumed at Lassen, while white-tailed jackrab-
bits were the primary lagomorph consumed at the Sierra
Nevada site. Snowshoe hares are rare or absent from the Sierra
site, and white-tailed jackrabbits are rare or absent from the
Lassen site. Although both study areas contained American
pika, they only composed a significant portion of the diet in

the Sierra Nevada site. Pika tend to be more abundant in high-
elevation areas (Yandow et al. 2015), which might explain this
difference; elevation averaged approximately 1000 m higher in
the Sierra (3105m, range =2570-3500m) than in the Lassen
site 2100 m (range = 1900-2700 m).

Both Lassen and Sierra Nevada SNRF had high proportions of
pine in their scats. The near absence of pine in bobcat scats, a
hyper-carnivore that consumed considerably more sciurids
than did SNRF (52% vs. 7% biomass consumption, respectively),
suggests that most pine occurrences in scats of other mesocar-
nivores resulted from direct consumption rather than second-
ary consumption (i.e., consumption of small mammals that
consumed pine). Additionally, some prey taxa that are known
to consume large amounts of pine nuts, such as ground squir-
rels and chipmunks, hibernate and were not detected in winter
scats, the season when SNRF FOO values for pine were highest.

The Lassen SNRF population exhibited a broader diet than that
in the Sierra Nevada population, including frequent consump-
tion of fish, such as trout, chubs and dace. To our knowledge,
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California Department of Water Resources (https://cdec.water.ca.gov/reportapp/javareports?name=DLYSWEQ.20180401).

extensive foraging on non-anadromous freshwater fish has not
been previously documented in red foxes and seems generally
uncommon in canids. It is possible that ingestion of fish by foxes
in our study was derived partly or completely through scaveng-
ing. Studies of Great Lakes wolves (Canis lupus X lycaon), how-
ever, have documented active foraging on freshwater fish under
certain conditions, indicating the capacity to do so in canids
(Freund et al. 2023). The generally broader diet of Lassen SNRF
compared to Sierra SNRF may have reflected the elevational dif-
ferences between the two populations. A limitation of our study
with respect to assessing the importance of lagomorphs to SNRF
beyond the Sierra Nevada population was that our Lassen sam-
ple included very few winter and spring scats, which is when
lagomorphs were predicted to be most significant.

4.2 | Niche Relationships Among Carnivores

Our results revealed multiple prey items potentially important
to SNRF populations, only some of which likely facilitated niche
partitioning. Frequency of occurrence, estimated % biomass,
and RRA data indicated that SNRFs in both the Lassen and the
Sierra Nevada sites consumed pocket gophers more than any
other prey item; yet pocket gophers were also detected in high

frequencies for coyotes in the Sierra Nevada site, indicating that
this prey taxon served as a staple for these canids. Because we
lacked specific reference sequences for the two species of pocket
gopher present at both sites, we were unable to differentiate
them in the diets of the four carnivore species. Thus, we do not
know to what extent northern pocket gopher (T. talpoides) ver-
sus mountain pocket gopher (T. monticola) made up the diets of
SNRF and how these compositions compared to those of coyotes
and the other sympatric carnivores.

As predicted, Sierra Nevada SNRF exhibited the greatest prey
overlap with coyote and much lower overlap with bobcat and
marten. Compared to SNRFs and coyotes, bobcats and mar-
tens more frequently consumed tree and ground squirrels
(Sciuridae). Despite high overlap between SNRFs and coyotes,
several prey species were identified in our SIMPER analysis as
differentiating their diets, including species we predicted based
on the body sizes of the two predators and the specialisation of
SNRF to the subalpine environment. In terms of body size, coy-
otes more frequently consumed larger prey items, particularly
mule deer and yellow-bellied marmots, whereas SNRF more
frequently consumed the smallest prey, principally deer mice.
Deer and marmots tend to be unavailable in winter in subalpine
habitats and deer mice may be too small to alone support the
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energetic demands associated with provisioning pregnant mates
or offspring during winter and spring. Indeed, our estimate of
the proportion of biomass in the Sierra SNRF diet composed of
deer mice was only 7%. In contrast, mid-sized prey, such as lag-
omorphs, are likely to be especially important during the colder
seasons. Despite the relatively large body sizes of white-tailed
jackrabbit and American pika, SNRF consumed these lago-
morphs more frequently than did coyotes, consistent with spe-
cialisation by SNRF on this subalpine-adapted prey.

4.3 | Do Keystone Prey Sustain SNRF Specialists in
the Presence of Competition?

The high frequency of white-tailed jackrabbit in SNRF scats in
the Sierra across all study years also supported the hypothesis
of specialisation by SNRF on this lagomorph and a competitive
advantage over coyotes in capturing this prey. Multiannually,
SNRF consumed white-tailed jackrabbits at consistently high
frequencies, whereas coyotes consumed them almost exclusively
in low-snow winters and springs. We found a positive correla-
tion for SNRF and a negative correlation for coyotes between
consumption of these lagomorphs and snowpack, consistent
with a competitive advantage by SNRF over coyotes for cap-
ture of jackrabbits in high-snow conditions. A similar pattern
has been described for boreal predators, whereby predation on
snowshoe hare by a specialist predator, the Canada lynx, was
relatively constant regardless of snow depth, but that by coyotes
inversely corresponded to snow depth (Peers et al. 2020).

Although we had no data on annual white-tailed jackrab-
bit abundance in our study area, it is possible based on other
studies of hares in snowy environments that their abundance
varied across years (e.g., Hodges 1999; Bartel et al. 2008; Crone
et al. 2011). If so, the observed patterns of jackrabbit con-
sumption by SNRF and coyotes also could reflect opportunis-
tic predation by coyotes (i.e., in proportion to abundance, i.e.,
type I functional response) but selective predation by SNRF
on hares (type II functional response) during a declining trend
(Holling 1965; Todd and Keith 1983; Spencer et al. 2017). A
similar example would be of Canada lynx (specialist) and coy-
ote (generalist) predation on snowshoe hares in boreal Canada,
whereby lynx exhibited a type II functional response, consistent
with specialisation, but coyotes exhibited a functional response
that was equally well characterised by a linear (type I) relation-
ship to snowshoe hare abundance, consistent with a more op-
portunistic relationship (O'Donoghue et al. 1998). Regardless of
the relative roles of snowpack and hare abundance in affecting
coyote predation on hares in our study, our finding that most
consumption of white-tailed jackrabbit by coyotes occurred
during the winters and springs of years when snowpack was
light (Figures 4A and 5A) suggests that they represented a sec-
ondary prey to coyotes. Altogether, these observations suggest
that SNRF are especially reliant on white-tailed jackrabbit prey,
presumably more so in the presence of coyote competitors.

Occurrence of pine in scats was significantly higher in winter
than in other seasons for SNRF but not for coyotes, also poten-
tially reducing niche overlap between the two canids during
winter. We observed variable frequency of occurrence of pine
in scats of both carnivores across years, possibly reflecting

annual mast. Although our use of the trnL marker was unable
to differentiate whitebark pine from several other pine species,
western white pine and Jeffrey pine were the only other pines
that occurred within the Sierra Nevada site and were gener-
ally lower in elevation and less abundant. Thus, it is likely that
whitebark pine, in particular, composed most of the pine con-
sumption we documented in the Sierra Nevada site and possibly
the Lassen site as well, although Jeffrey pines also were abun-
dant in the Lassen site. The frequencies of pine occurrence in
scats across seasons and carnivore species were most consistent
with primary consumption, suggesting whitebark pines provide
direct nutritional benefit to SNRF, as was indicated for Rocky
Mountain red foxes through physical dissection of scat compo-
nents (Cross and Crabtree 2021).

For competition to occur between species sharing similar
diets, prey must be limiting (Chesson 2000; Begon et al. 2003).
Although we had no data on prey abundance and the specific
energetic needs of the carnivores, our presumption that prey
were generally limiting in the Sierra Nevada was supported
by a variety of indirect lines of evidence. First and most gen-
erally, the subalpine habitats of the Pacific Crest and other
mountains are low in productivity and support low diversity of
vertebrate and plant species; winters are particularly harsh in
such regions (Rahbek 1995; Asner et al. 2014; Schoenherr 1992;
Lee et al. 2021). Second, the considerably larger size of SNRF
home ranges than coyote home ranges in our Sierra study area
indicates that the available resource density is effectively lower
for red foxes than for coyotes. The SNRF home range averages
66km? (range: 22-126 km?; SCAT 2022), many times larger than
that of the coyote, the larger-bodied carnivore (approximately
10km?; B. N. Sacks and C. B. Quinn, unpublished data), and
nearly an order of magnitude greater than that of lower-elevation
red fox populations (Ables 1969; Storm et al. 1976; Voigt 1987;
Lewis et al. 1993). Because home range size is broadly a function
of prey availability in carnivores (Ward et al. 2018), it is difficult
to explain these observations without invoking competitive ex-
clusion of SNRF by coyotes. In situations where prey items are
limiting, niche partitioning is key to co-existence between two
similar predators (Chesson 2000; Steinmetz et al. 2021). Thus,
despite our lack of direct evidence of competition, which is no-
toriously difficult to demonstrate in nature, the totality of our
findings in this study strongly implicate subalpine lagomorphs
as playing a keystone role in allowing SNRF to persist in sym-
patry with coyotes in their historical range.

4.4 | Conservation Implications

Our study highlighted several species in the diet of SNRF that
could be critical to the recovery of endangered SNRF populations
in California. In particular, white-tailed jackrabbits, snowshoe
hares, American pika and whitebark pine, which are adapted to
snow and other harsh winter conditions of the subalpine zone,
likely play a key role in sustaining SNRF through winters. We
currently have almost no data on population status or trends in
abundance and distribution of the lagomorphs, though all are
likely facing severe threats from climate change. For example,
among better studied populations, both snowshoe hare and
white-tailed jackrabbit are exhibiting more severe camouflage
mismatch, where their fur colour is no longer synchronised
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with snow presence, increasing their vulnerability to predation
(Zimova et al. 2020; Ferreira et al. 2023). Such decreases in tem-
perature and snow also could threaten white-tailed jackrabbits
both directly and through competition with black-tailed jackrab-
bits (Lepus californicus) as the latter expand their ranges upward
in elevation in response to warming temperatures (Brown et al.
2020; Schlater et al. 2021). Climate change and snowpack re-
duction also have been implicated as causes of northward shifts
of the southern range limits of snowshoe hares in Wisconsin
(Sultaire et al. 2016). Although effects of climate change on the
American pika are less clear (Stewart et al. 2015, 2017; Johnston
et al. 2019; Smith 2020), their occurrence in warming high-
elevation ecosystems warrants concern and close monitoring.

Additionally, many high-elevation pines are facing chal-
lenges driven by climate change (Matias and Jump 2014; Shirk
et al. 2018). The whitebark pine has been declining throughout its
range due to mountain pine beetle (Dendroctonus ponderosae) in-
festations and white pine blister rust (Cronartium ribicola) and it is
listed as Threatened pursuant to the Endangered Species Act (U.S.
Fish and Wildlife Service 2022). Currently, these threats are most
pronounced in the Rocky Mountains, although elevated moun-
tain pine beetle-caused mortality has occurred in northeastern
California's Warner Mountains (Meyer et al. 2023). Although pine-
beetle infestations are still rare among high-elevation pines in the
southern Sierra Nevada (Logan et al. 2010; Nesmith et al. 2019),
this situation could change with increasing temperatures, which
are required for explosive population growth of pine beetle popu-
lations (Millar et al. 2012; Macfarlane et al. 2023). The reduction
of prey species and whitebark pine that facilitate niche partition-
ing between SNRF and coyotes could reduce their ability to co-
exist in sympatry, thereby threatening the persistence of SNRF.
Monitoring efforts associated with SNRF conservation up to now
have emphasised the distribution and abundance of the species it-
self. While monitoring of SNRF remains a priority, so too should
monitoring the distribution, abundance and population trends of
the climate-sensitive subalpine specialist species on which it de-
pends for nutritional sustenance and coexistence with an other-
wise dominant competitor.

5 | Conclusion

Our study highlights the role of environment-dependent com-
petition in facilitating species coexistence in high-elevation
ecosystems. Despite strong dietary overlap between SNRF and
coyote in general, competition for snow-adapted prey in partic-
ular was lessened during the seasonal periods and years when
conditions and prey resources as a whole were likely to be most
limiting. These findings underscore a potentially critical eco-
logical linkage: the survival and persistence of alpine specialist
predators may closely depend on the continued availability of
subalpine-adapted prey species, particularly as climate change
allows generalist species to invade or become more numerous
in higher elevations. Conversely, disruptions to specialised prey
populations due to climate-induced habitat changes could pre-
cipitate cascading effects on alpine predator species, highlight-
ing yet another vulnerability of high-elevation communities to
climate change. More broadly, preserving specialised predator-
prey relationships could be increasingly vital for the conserva-
tion of alpine biodiversity in the face of climate change.
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