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Abstract
When two species compete for food, one species typically outcompetes the
other. Subordinate species can alleviate costs of competition by reducing diet
overlap, promoting coexistence. Non-native coyotes (Canis latrans) and
historically native gray foxes (Urocyon cineroargenfeus) have expanded their
range in Maine and may compete with native red foxes (Vulpes vuþes). To
investigate competition,l analyzed stable isotopes and stomach contents to
determine if coyotes, red foxes, and gray foxes differed in use of anthropogenic
foods and trophic position. I predicted that coyotes utilize anthropogenic foods
the least (lowest õ'.C), and red foxes utilize anthropogenic foods the most
(highest õ'.C), and that coyotes occupy the highest trophic position (highest õ"N),

with gray foxes at the lowest trophic position (lowest õ"N). Furthermore,

I

predicted that gray fox diets consist primarily of plant matter and overlap to a
greater degree with red foxes than with coyotes, and conversely that coyote diets
consi-st prlnarlly cf ani*':a! pney and

cve:bp l.:Ðst with red foxes. ! ccm+a:"ed õ'.C

and õ'.N from muscle and hair samples to assess relative resource use among

species, and I compared frequency of occurrence (%) of prey items taken from
stomach contents to assess diets. Red foxes consumed anthropogenic foods the
most in fall and early winter, gray foxes consumed anthropogenic foods the most
in summer, and coyotes consumed anthropogenic foods the least in all seasons.

Coyotes held the highest relative trophic position in fall and early winter, red
foxes held the highest relative trophic position in summer, and gray foxes held
the lowest relative trophic position in all seasons. Based on stomach contents in
IV

fall and early winter, gray foxes had the broadest diet and consumed the most
plants, and coyotes had the narrowest diet. My results suggest that all species
compete in fall and early winter. Red foxes were the only species to show
isotopic niche overlap with both potential competitors in all seasons, though
competition is likely highest in fall and early winter as food availability declines.
Red foxes are likely most susceptible to competitive exclusion among canids in
Maine.
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Introduction
Niche Partitioning
Species utilize resources in unique ways that constitute their ecological
niche (Cain et al. 2011). Niche overlap creates interspecific competition, which is
a major structuring force in ecological communities (Sih et al. 1985). lnterspecific

competition occu rs

th

rough exploitative com petition and i nterference competition.

Exploitative competition involves two species competing for a limiting resource,
affecting the resource directly but only influencing each other indirectly through
depletion of the resource (Cain et al. 2011). With interference competition, two
species compete for a limiting resource, depleting the resource and also limiting
access to the resource directly through aggressive interactions (Linnell and
Strand 2000). Carnivore assemblages are influenced largely through interference
interactions (Donadio and Buskirk 2006).

Resource Partitioning in Carnivora
Because a high degree of diet overlap can increase competition,
carnivorans (species in the order Carnivora) may reduce the costs of competition
and coexist by partitioning food resources (Palomares and Caro 1999).

Assuming the shared food supply is limited, individuals may access food and
habitat at different times (temporal partitioning) or acquire different resources

(differences in diet) (Bischof et al. 2014; Savory et al. 2014). When diets overlap
heavily, subordinate Altai mountain weasels (Mustela altaica) minimize
interference competition with nocturnal and crepuscular stone marten (Martes

foina) and red foxes (Vulpes vulpes) by hunting shared pika (Ochofona sp.) prey

during the day, thus partitioning food resources temporally (Bischof et al. 2014).
ln contrast, when bobcats (Lynx rufus) and gray foxes (Urocyon cineroargenfeus)

are sympatric in summer, bobcats prefer to consume small mammals and
lagomorphs, whereas gray foxes consume fewer small mammals and
lagomorphs but considerably more plant matter, thus reducing competition with
bobcats (Neale and Sacks 2001).
Additionally, some carnivorans access anthropogenic foods, i.e., foods of
human origin such as cultivated crops, demonstrating another means of resource
partitioning (Prugh et al. 2009). For example, in Prudhoe Bay, Alaska, red foxes
(Vulpes vulpes) expanded further north and compete with arctic foxes (V.
lagopus) for anthropogenic foods and lemmings in summer (Savory et al. 2014).
However, in winter, arctic foxes forage on voles and eggs, whereas red foxes
feed mostly on anthropogenic foods, suggesting that resource partitioning of
anthropogenic foods allows red foxes to coexist with arctic foxes (Savory et al.
2014).

Furthermore, when species feed at the same trophic level, individuals may
prefer different sized prey. For example, larger bodied coyotes (Cants latrans)
fed on larger prey often (ungulates and leporids), whereas sympatric swift foxes
(V. velox) fed on small prey more often (insects and small mammals; Kitchen et

al. 1999). This difference in prey choice could be related to differences in body
size and hunting ability, but nonetheless could alleviate competitive interactions
and promote coexistence (Major and Sherburne 1987; Kitchen et al. 1999).
2

Resource partitioning also can occur through foraging on separate trophic
levels, i.e., trophic partitioning (Johnson and Schindler 2009). which is another
way that subordinate intraguild carnivorans can reduce costs of interspecific
competition (Johnson and Schindler 2009). For example, golden jackals (C.
aureus) compete with red foxes for small mammals in Hungary, but when small

mammals increase in abundance, golden jackals consume predominantly small
mammals, whereas red foxes switch largely to fruits (Lanszki et al. 2006).

Whereas resource partitioning, whether through temporal or trophic partitioning,
may ameliorate costs of competition, interference interactions often alter spatial

relationships (Palomares and Caro 1999; de Satgé etal.2017).

Spatial Partitioning in Garnivora
Among carnivorans, differences in habitat use reduce costs of interference
competition and promote coexistence (Palomares and Caro 1999; de Satgé et al.
2017). For example, coyotes and red foxes compete for snowshoe hares (Lepus
americanus) in Yukon, Canada; however, foraging coyotes prefer open habitat
edges, and red foxes prefer brushy habitat and avoid edges, so the two species
reduce habitat overlap and coexist (Theberge and Wedeles 1989). Habitat use
also can be partitioned temporally, where some carnivorans are diurnal and
others are nocturnal, but they use the same habitats (de Satgé et al. 2017).
When carnivoran diets and habitat use overlap greatly, interference interactions
can become deadly (Palomares and Caro 1999).

J

Mesopredator Release
ln the absence of larger (apex) predators, intermediate predators, i.e.,

mesopredators, increase in density and distribution, a response known as
mesopredator release (MR), and in turn impact prey populations (Brashares et al.
2010). MR also can mediate expansion of nonnative mesopredators (Baum and
Worm 2009), e.9., coyotes may expand into new regions and become apex
predators (Crooks and Soulé 1999; Roemer et al. 2009). Furthermore, MR is
often coupled with land-use changes, and mesopredators appear to tolerate
fragmented habitats (Prugh et al. 2009). Because apex predators are generally
more sensitive to land use changes than intermediate predators are, fragmented
habitats can mediate MR via anthropogenic food resources, i.e., pet food, trash,

and crops (Crooks and Soulé 1999; Wangchuk 2004).
Although MR is a broad phenomenon, we must investigate mesopredators
across regions to better understand impacts on community structure and trophic
dynamics across a range of habitats. 'fv'itirin ecological communities, interspecific
interactions among mesopredators remain poorly understood, especially as new
species are added due to range expansion.

Canids in Maine
Since at least the 1960's in Maine, nonnative coyotes have become the

apex predator, and they may compete with native red foxes and gray foxes
(Richens and Hugie 1974). Coyotes were historically native to the Great Plains of
North America (Gompper 2002). Following European settlement in the eastern
4

United States, gray wolves (C. lupus) were extirpated from much of their

historical range (Berger et al. 2001), opening up niche space and likely mediating
coyote range expansion to the northeastern U.S. (Thurber and Peterson 1991

).

North American red foxes were historically native to boreal regions and

extended as far south as Maine, U.S.A. (Statham etal.2012). Following
European settlement, red foxes naturally expanded their range throughout the
United States, coinciding with deforestation (Statham et al.2012). Their range

expansion likely altered competitive interactions with sympatric canid species.
Within the past 700-1200 years, gray foxes expanded their range into the
northeastern United States, corresponding with deciduous forest expansion
(Bozarth et al. 2011). ln early colonial times (-350 years ago) gray foxes were
documented in Maine (Palmer 1956; Bozarth et al. 201 1). After Europeans
colonized the East Coast, gray fox populations declined due to deforestation and
fur trapping (Haroldson and Fritzell 1984). Over the last century, gray foxes

recolonized some regions where they were once extirpated, and they expanded
into previously undocumented territories (Haroldson and Fritzell 1982). Gray

foxes now occupy both historical and new ranges in Maine (Palmer 1956;
Haroldson and Fritzell 1982: Bozarth et al. 2011).

Competition and Spatial Partitioning
Prior work on coyotes and red foxes in Maine revealed potential

interference competition (Major and Sherburne 1987; Harrison et al. 1989;
Dibello et al. 1990). Red foxes and coyotes in western Maine overlap in diet,
5

foraging on snowshoe hares, but the two species exhibit minimal spatial overlap,
suggesting interference competition, predator avoidance, or both (Major and
Sherburne 1987). Additionally, Maine coyote and red fox diets include berries
throughout summer (Dibello et al. 1990), but red foxes in eastern Maine minimize
spatial overlap with coyotes (Harrison et al. 1989), suggesting interference

competition or predator avoidance. Furthermore, in northern Maine, coyotes
killed radiocollared red foxes (Maine Cooperative Wildlife Research Unit, unpubl.

data, 1980). Taken together, throughout Maine, we have evidence of interference
competition among canid species.
No research has been conducted on gray foxes in Maine with respect to

interspecific competition; however, gray foxes may compete with coyotes and red
foxes elsewhere (Neale and Sacks 2001; Fedriani et al. 2001). Gray fox diets
may include rabbits and small mammals (Haroldson and Fritzell1982;

Chamberlain and Leopold 2007), though gray foxes also use a more plant-based
diet that may include corn, persimmon, grapes, and apples (Haroldson and

Fritzell 1982). Whereas gray foxes may rely on animal-based protein to a lesser
extent than red foxes and coyotes do (Neale and Sacks 2Q01; Warsen et al.

2014),diets may overlap more among all three species via fruit consumption in
summer (Major and Sherburne 1987; Neale and Sacks 2001).

Stable lsotope Analysis
Stable isotope analysis (SlA) is one approach to investigate differences in
diet and potential niche partitioning (Ben-David and Flaherty 2012). Elements
6

such as carbon and nitrogen have a characteristic number of neutrons, e.g., l2C
and 13C, laN and 15N. Atoms with higher numbers of neutrons are heavier relative
to other atoms of the same element. Physiological processes may discriminate
between heavy and light atoms of the same element, a process known as
isotopic fractionation (Ben-David and Flaherty 2012).
Plants use different photosynthetic pathways that may discriminate

between heavy and light carbon atoms (Ben-David and Flaherty 2012). Most
plants (e.9., conifers, deciduous trees, and ferns) utilize the Ce photosynthetic
pathway, which involves isotopic discrimination and results in the lighter

12C

being up taken and incorporated into metabolic processes more readily than the
heavier

13C

(Chapin et al. 2012). Thus, Cs plant tissues contain mostly 12C and

are depleted of 13C. ln contrast, some plants (e.9., corn, sugar cane, and
grasses) utilize the C+ photosynthetic pathway, which evolved under drier
environmental conditions (Chapin et al. 2012). These conditions minimize the
time that the plant can perform photosynthesis and thus no isotopic
discrimination is exhibited (Chapin et al. 2012). Because
12C

and

13C

C+

plants take up both

in large amounts, C+ plant tissues heve a relatively higher amount of

r3C than Cs plants do and thus are enriched with 13C. lf the native flora consists

primarily of Cs plants, this difference in enrichment provides a way to determine
the extent to which consumers use anthropogenic foods, i.e., C¿ plants and foods
containing sugarcane and corn syrup (Ben-David and Flaherty 2012).
Carbon isotopic signatures reflect the ratio of heavy carbon to light carbon
isotopes

(13C112C),

indicated by õ13C. Enrichment of the heavier isotope leads to
7

a more positive ö13C. Foods intended for human consumption often contain large
amounts of corn and corn syrup (C¿ pathway), and enrichment of õ13C in
carnivore diets may reflect consumption of anthropogenic foods (Hockman and

Chapman 1983). Enrichment of the

13C

isotope could suggest anthropogenic

foods in the diet, and thus a higher tolerance for human disturbed environments,
which may suggest spatial and food resource partitioning, ultimately mediating
sympatry between competing mesopredators (Hockman and Chapman 1983;
Warsen etal.2014).
Nitrogen and carbon undergo isotopic fractionation in animals, where
different tissues discriminate between heavy and light isotopes (Ben-David and
Flaherty 2012). For example, liver tissues are more metabolically active than are

muscle or hair; thus, liver samples are better indicators of recent diet contents
than muscle or hair samples are (Tieszen et al. 1983). Researchers can use
nitrogen to assess relative trophic position of consumers within a system.

Nitrogen isotopic signatures represent the ratio of heavy to light nitrogen isotopes
(15N/r4N), indicated by õ15N. As animals assimilate nitrogen through their diet, the

lighter version of nitrogen (1aN) is preferentially excreted and the heavier version

of nitrogen (15N) bioaccumulates and can be used as a marker to assess trophic
position (Ben-David and Flaherty 2012). Values of õ15N can help to elucidate
which trophic level is fed upon, where enrichment of 15N reflects a higher amount
of animal-based protein in diets (Post 2002; Ben-David and Flaherty 2012).
Therefore, carnivores usually contain a higher proportion of heavy isotopes to
light isotopes compared to herbivores in the same ecosystem, and little to no
8

overlap of õ15N between species could indicate trophic partitioning (Ben-David

and Flaherty 2012).

Resource Partitioning and SIA
Using SlA, researchers have investigated resource partitioning and
potential for competition among many different carnivore assemblages. By

sampling liver, muscle, and cartilage tissues of blue sharks (Prionace glauca),
shortfin mako sharks (/surus oxyrinchus), and common thresher sharks (Alopias
vulpinus), researchers documented resource partitioning and diet switching

across species (MacNeil et al. 2005). SIA analysis of gray wolf, coyote, and red
fox fur samples across North America revealed a trophic cascade driven by the
presence of gray wolves, leading to declines in coyote populations and thereby

increasing red fox populations (Newsome et a|.2015). Where sympatric, coyotes
and red foxes may not exhibit trophic partitioning (i.e., they have a similar õ15N

space), but gray foxes may forage on a relatively different trophic level
(Haroldson and Fritzell 1982: Hockman and Chapman 1983; Warsen et al. 2014)
Coyotes and red foxes can differ significantly in enrichment of õ13C values, which
suggests resource partitioning via utilization of anthropogenic foods by red foxes,
whereas õ13C values for gray foxes are intermediate, suggesting little partitioning
(Warsen etal.2O14).

I

Objectives and Predictions
To investigate effects of competition and potential for resource
partitioning, I focused on intraguild dynamics of canids in Maine. I assessed
potential competition for food among canids by (1) comparing anthropogenic food
use and relative trophic positions using SIA and (2) comparing diets using

stomach contents.
Prediction 1A: Because coyotes are apex predators and avoid humans
(Harrison et al. 1989), coyotes use anthropogenic foods the least as these foods

are associated with humans (lowest õttC).
Prediction 1B: Because red foxes partition resources when potentially
competing with coyotes (Harrison et al. 1989), they use the most (highest õ13C)

anthropogenic foods (Lavin et al. 2003; Handler etal.2020).
Prediction 1C: Coyotes occupy the highest trophic position (highest õ15N)
as apex predators (Richens and Hugie 1974).

Prediction 1D: Because gray foxes eat more plants than other canids do
(Haroldson and Fritzell 1982), they occupy the lowest trophic position (lowest
õ1tN).

Prediction 2A: Because gray foxes partition resources when sympatric
with coyotes (Chamberlain and Leopold 2005), gray foxes have the broadest diet
and consume the most plant matter, whereas red foxes eat more small mammals

and have the least diverse diet (Major and Sherburne 1987; Dibello et al. 1990).
Prediction 28: Because red foxes and gray foxes often overlap spatially
and experience exploitative competition, gray fox diets overlap most with red fox

l0

diets (Cypher 1993; Hockman and Chapman 1983; Lesmeister et al. 2015).
Additionally, because coyotes and red foxes both consume high amounts of
animal prey, coyote diets overlap most with red fox diets (Major and Sherburne
1987; Dibello et al. 1990).

11

Materials and Methods
Sample Sources
I partnered with local trappers to obtain coyotes, red foxes, and gray foxes

from the following York County townships: Buxton, Old Orchard Beach, Dayton,
Saco, Arundel, Hollis, and one township in Cumberland County: Gorham (Fig. 1).
All townships were contiguous. Trappers collected carcasses from trapping
sessions during mid-October

-

late November 2019. Because I could not check

traps with these trappers, I did not collect fine scale spatial data (GPS
coordinates) for specimens.

Preparation of Samples for lsotopic Analysis
I collected guard hairs

(-20 hairs per specimen) of coyotes, red foxes, and

gray foxes from the right rear flank for stable isotope analysis (SlA) because
summer coats are first expressed there (Maurel et al. 1986). Guard hair isotopes
reflect dþt at tlre time Lhe hair

es

grcry*, anC gu;ard haks gradually grow

throughout summer, fall, and winter until the individual molts each spring. Thus,
hair samples collected in early winter reflect summer and early fall diets (Maurel

et al. 1986).
I used a scalpel to remove hair from the hide at the base of the follicle

(Warsen et al.2014). I washed hair samples in a 2:1 solution of
chloroform:methanol, rinsed them with distilled water to remove contaminants,
and air dried samples for 48 hr. I finely cut the top half of all guard hairs and
packaged samples (-1 mg) in a tin boat for shipment to the University of

l2

California, Davis, (UCD) Stable lsotope Lab for quantification relative to a
standard (Teece and Fogel 2004). Every twelfth sample was a duplicate of the
previous sample to test lab precision.

Fractionation rates of stable isotopes vary depending on tissue type, and
different tissue types are used to investigate changes in diet over time (MacNeil
et al. 2005) I collected muscle tissue (-5 g)from the hindquarters for comparison

to hair samples because muscle reflects diet spanning the last 2-3 months
(Tieszen et al. 1983). Because I collected muscle tissue at the time of hair

collection, I assumed that each muscle sample reflected diets spanning fall and
early winter.

Unlike hair, muscle tissues contain high and variable amounts of lipids that
can significantly affect carbon isotope ratios, making sample standardization
imperative for muscle tissue (Rau et a|.1992). For lipid extraction, I used a

modified Bligh and Dyer method to extract lipids, wherein I cut muscle tissue
samples into small fragments (-50 mg each) and soaked them in a 2:1 solution
of chloroform:methanol placed on a shaker table for 48 h (Bligh and Dyer 1959).

I

then dried muscle samples in an oven (60'C) for 48 hr, homogenized them using
a mortar and pestle, and partitioned samples into tin boats (-1 mg) for shipment
to the UCD Stable lsotope Lab for quantification relative to a standard (Teece

and Fogel 2004).I compared lipid-extracted and unextracted samples from the
same individuals using a paired t test in R (R Foundation of Statistical Computing
et al. 201 1).

l3

lsotope Analysis
Stable isotope signatures are expressed relative to a standard using delta

notation (õ"C, õ15N) with units in per thousandth

ô13 Cor6ls N-

(%o):

Rsample - Rstandard
Rstandard

x 1000,

where Rsample and Rstandard are a ratio of the heavy ('uC,'uN) isotope to light

(t'C,ttN) isotope in the sample and international standard, respectively (Vienna
PeeDee Belemnite [V-PDB] for carbon and atmospheric nitrogen; Ben-David and
Flaherty 2012). Lab instrument precision was measured

t

0.05%o (SD) for õ13C

and õr5N, and accuracy of all samples was measured t0.05%o for õ13C and ö15N.

To investigate isotopic niche space of each species at 95Vo,75Yo, and
50% (core) contours, I plotted õ13C values and õ15N values. I performed all data
visualization and analyses using the R packages rKlN and ggplot2 (R Foundation
of Statistical Computing et al. 2011; Wickham 2011: Eckrich et al. 2020).

I

interpreted stable isotope signatures with respect to extent of anthropogenic food
use and relative trophic position (Flaherty and Ben-David 2010; Warsen et al.
2014).

Diet Overlap and Analysis
I also investigated dietary overlap through stomach content analysis

of

coyotes, red foxes, and gray foxes. I stored stomach contents in sealed plastic
bags at -30o C for later identification. I sorted bones, teeth, hairs, feathers, and

t4

soft tissues within each stomach at the lowest taxonomic level possible, i.e.,
reptile, bird, small mammal (hairs < 1cm), other mammal (hairs > 1cm), and plant
material.
For each species, I calculated frequency of occurrence (FOO) of prey,

which is the total number of times the same prey item occurred relative to the
total number of stomachs sampled for that canid species (Lanszki et al. 2006).
For each species, I also calculated relative frequency of occurrence (RFO) of
prey, which is the number of times the same prey item occurred relative to the

total number of all prey items within each species (Lanszki et al. 2006).
I calculated indices of diet overlap using Pianka's index (Pianka 1973)

for

FOO values and compared observed diet overlap to a null distribution using the

package EcoSimR (Gotelli etal.2015). The null model used in EcoSimR
assumes that species utilize resources randomly, and thus produces a random
utilization distribution. I calculated simulated resource utilization matrices (1000
iterations), with each row (FOO values) randomly reshuffled to ensure the niche
(diet) breadth was conserved for each canid species. I then compared the

observed diet overlap indices for red foxes, gray foxes, and coyotes to the null
model overlap indices.
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Results
Stable isotope analysis
To estimate the effect of lipid extraction on stable isotope values from
muscle samples, I compared 8 specimens (3 coyotes, 3 gray foxes, and 2 red

foxes) in which I extracted lipids from one muscle sample and did not extract
lipids from another muscle sample from the same animal (Fig. S1). For this

subset of animals, lipid-extracted muscle samples were not statistically different
from unextracted samples in ö13C (paired f-test: t = -1.97, n = 8 animals, p =
0.068) or õ15N (paired f-test: t = -1.28, n = 8 animals, P = 0.22; (Fig. S2).

Nonetheless, I included only lipid-extracted muscle samples in further analyses.
To investigate isotopic niche range among species during fall and early
winter (15 October

-

1 December), I examined muscle samples for all individuals

(Fig.2a). Red foxes had the largest isotopic range for õ13C (-24.87o/ooto
20.11o/oo,

n = 15), followed by coyotes (-25.35o/ooIo -20.81o/oo,

/?

-

= 16) and gray

foxes (-23.921U +e -20.23 oå, n = 21). Red {ot€s had fl"}e brgest tsotopc range
for õ15N (7.23o/oo - 11.387o0), followed by coyotes
foxes

(6.20o/oo

(7.20o/oo

-

8.99%o) and gray

- 7 .460/oo; Fig. 2a).

For muscle samples, on average, coyotes were the most depleted in õ13C

(mean

t

SE = -23.93o/oo

gray foxes (-22.670/oo

t

t

0.28), whereas both red foxes (-22.47o/oo

t

0.30)and

0.30)were relatively more enriched in õ13C, with red

foxes being the most enriched (Fig. 2b). Coyotes held the highest relative trophic
position (õ1uN), on average (8.260/,o

t

0.15), followed closely by red foxes (8.08%o

l6

t 0.16), and gray foxes (6.78%0 t

0.16) held the lowest relative trophic position

(Fig.2b).
Estimates of niche space area (95% contour) in fall and early winter were

8.12for coyotes, 17.33 for red foxes, and 7.91 for gray foxes (Table 1). Core
niche space (50% contours) for coyotes overlapped with core niche space for red

foxes by 37 .5% and did not overlap at all with core niche space for gray foxes
(Fig. 3; Table 2). Furthermore, red fox core niche space overlapped with coyote

core niche space by 15.5o/o and slightly overlapped with gray fox core niche
space (0.7%; Fig. 3; Table 2). Gray fox core niche space did not overlap with
coyote core niche space and slightly overlapped with red fox core niche space
(1.2%; Fig.3; Table 2).

To investigate summer isotopic niche range among species, I examined
hair samples of all individuals (Fig. aa). Red foxes again had the largest isotopic
range for hair õ13C (-25.92o/ooto -19.41o/oo, n = 12), followed by gray foxes
23.73o/oo

(-

to -19.45%o, rt = 14) and coyotes (-24.60%oto -22.747o0, tl = 10). Red

foxes also had the largest isotopic range for õ15N (7.033%0 to 10.11%o), followed
by coyotes (6.63%" to 8.40%o) and gray foxes (5.73olooto 8.170/*; Fig 4a).
For all hair samples, coyotes were the most depleted in õ13C on average
(-23.71o/oo

21.63

%o

f

t

0.45), followed by red foxes (-23.03%.

0.41), and gray foxes

(-

0.38) were the most enriched (Fig. 4b). Red foxes held the highest

relative trophic position (õt5N) on average (7.867o0
(7.59%0

t

t0.21), and gray foxes

(6.90%o

t

t

0.20), followed by coyotes

0.18) held the lowest relative trophic

position (Fig. ab).
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Using hair samples, estimates of niche space area (95% contour)were
6.66 for coyotes, 28.07 for red foxes, and 13.00 for gray foxes (Fig. 5; Table 3).

Coyote core niche space (50% contours) overlapped with red fox core niche
space by 81.5% and did not overlap at all with gray fox core niche space (Fig.5;
Table 4). Red fox core niche space overlapped with coyote core niche space by
21.3% and slightly overlapped with gray fox core niche space (12.6o/"; Fig. 5;
Table 4). Gray fox core niche space did not overlap with coyote core niche space
but overlapped by 27.6% with red fox core niche space (Fig. 5; Table 4).

Stomach contents
All coyote stomachs contained other mammal remainS (n = 5 stomachs).
Based on frequency of occurrence (FOO), coyote diets also consisted of bird

remains (40% FOO) and plant matter (40% FOO, Table 5). Red fox diets
consisted primarily of other mammal tissue (71.4% FOO, n = Z stomachs),
followed by small mammals (42.8% FOO), plant matter (42.8% FOO), and bird
material (142% FOO, Table 5). Gray fox diets consisted primarily of plant
material (76/% FOO, n = 17 stomachs) and other mammal remains (64.7%
FOO), followed by small mammals (235% FOO), birds (23.5% FOO),

invertebrates (5.8% FOO), and reptiles (5.8% FOO, Table 5).
The niche overlap estimate using all three species'diets in the null model
was 0.77, suggesting that diet overlap was non-random (null model, p = 0.022,
Fig. 6). The pairurrise niche overlap estimate was greatest for red fox and gray fox

atO.92, and their diets were not significantly different (null model, p = 0.04; Fig.
t8

6). The painrrrise niche overlap estimate for red fox and coyote was 0.75, also

suggesting their diets were not significantly different (null model, p = 0.08; Fig. 7).
The pairwise niche overlap estimate was lowest for gray fox and coyote diets at
0.65 (null model, P = 0.224; Fig, 7).
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Discussion
My objectives were to investigate the potential for competition among

coyotes, red foxes, and gray foxes by estimating relative degree of
anthropogenic food use, dietary overlap, and trophic position. Based on muscle
isotope values, which reflected fall and early winter diets in this study because of

collection dates, red foxes utilized anthropogenic foods more than coyotes and
gray foxes did, consistent with my predictions. Based on hair isotope values,

which reflected summer diets, gray foxes utilized anthropogenic foods more than
coyotes and red foxes did, contrary to my predictions.
As predicted, in fall and early winter, coyotes occupied the highest relative
trophic position, and gray foxes occupied the lowest relative trophic position. ln
contrast, in summer, red foxes occupied the highest relative trophic position,
though only slightly, which was inconsistent with my predictions, and gray foxes
occupied the lowest relative trophic position, consistent with my predictions.
.As predicted, stcrnach corte*rls

d¡ecþC

in

fd! and ædy wlnter indicated

that gray foxes utilized plants the most and had the broadest diet. Furthermore,
diets and isotopic niche of gray foxes overlapped the most with those of red
foxes for both seasons, and diets and isotopic niche of coyotes overlapped the
most with those of red foxes for both seasons.

Anthropogenic food use and dietary overlap
For fall and early winter diet (assessed from muscle samples), red foxes
held the highest mean õ13C value (-22.47), followed by gray foxes (-22.67) and
20

coyotes (-23.93), indicating that red foxes utilized anthropogenic foods most.
However, for summer diet (assessed from hair samples), gray foxes held the
highest mean (-21.63), followed by red foxes (-23.03)and coyotes (-23.71).

Because I did not measure stable isotopes from the diet items of these species,

I

compared my values to those found in the literature. For Cs plants in the
northeastern United States, õ13C values typically range from -29 to -22
(Farquhar et al. 1989; Suits et al. 2005), whereas values for C¿ plants typically

range from -14 to -12 (O'Leary 1981; Farquhar et al. 1989). Human hair is a
commonly used marker for anthropogenic foods, with õ13C values typically
ranging between -16.4 and -18.7 (Nakamura et al. 1982; Schoeller et al. 1986;
Roth and Hobson 2000; Nardoto et al. 2006; Newsome et al. 2010; Savory et al.

2014; Murray et a|.2015). However, no mean values from my samples were as
enriched in

13C

as values from previous studies reporting high anthropogenic

food consumption, indicating that canids in this study showed relatively low
anthropogenic food use.
Few studies used SIA to analyze muscle tissue in foxes, so here I include

studies with isotope values from red blood cells as their fractionation of
(-0.60/00)

13C

is most similar to muscle tissue fractionation (-1.1%o) in red foxes (Roth

and Hobson 2000). Red fox samples with õ13C values ranging fram -22.4 to -17
may indicate anthropogenic food use (Roth and Hobson 2000; Lavin et al. 2003;
Savory et a\.2014). However, using only SlA, it can be difficult to determine if the
diet consists of C¿ plants eaten directly, i.e., foods containing corn syrup and
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cane sugar, or indirectly, i.e., herbivores that fed on C¿ plants (Handler et al.
2020).
ln this study nine red foxes had õr3C muscle values above -22.4, six of

those nine animals had ö13C muscle values above -22, and one red fox had a
õ13C muscle value of

-20.9, suggesting that these individuals ate anthropogenic

foods to varying extents in fall and early winter (Farquhar et al. 1989; Roth and
Hobson 2000; Lavin et al. 2003; Savory et al.2014). Furthermore, four red foxes
had õ13C hair values above

-22,

and of those foxes, one individual had a õ13C

hair value above -20, indicating some anthropogenic food consumption in

summer, though to a lesser extent than gray foxes. Overall, red foxes utilized
anthropogenic foods more in fall and early winter than in summer, which may
reflect greater availability of natural foods in summer (Major and Sherburne
1987). Among red foxes, anthropogenic food use has been associated with both

urban and agricultural habitats (Lavin et al. 2003; Handler etal.2020). However,
I could not determine habitat use because I did not collect spatial data on

individuals.
Red foxes had the lergest isotopic niche width for all confidence contours

both in summer and in fall and early winter, which suggests that some individuals
specialized on different food sources, different habitats, or a combination
(Flaherty and Ben-David 2010). Because red foxes are habitat generalists, as are
gray foxes and coyotes (Haroldson and Fritzell 1982; Major and Sherburne
1987), one might expect all isotopic niche widths to be similar in size. Within a

species, habitat or diet generalists may have narrower isotopic niches than
22

habitat or diet specialists because generalists sample across habitats and thus

average out their values (Flaherty and Ben-David 2010). Both coyotes and red
foxes may occupy similar habitats in Maine; however, red foxes ultimately avoid
spatial overlap with coyotes due to predation (Major and Sherburne 1987;
Harrison et al. 1989). Thus, while red foxes may be capable of occupying

different habitats, they may be forced to specialize in certain habitats that are
devoid of coyotes, which creates highly variable isotopic values among individual
red foxes, leading to a large isotopic niche (Flaherty and Ben-David 2010).
lf individual red foxes specialized on different prey items across habitats,
as a group, they would exhibit highly variable isotope values, leading to a large

isotopic niche (Flaherty and Ben-David 2010). Previous work on red foxes and
coyotes in Maine demonstrated that small mammals can constitute 30-50% of
red fox diets in fall and winter, and only 13o/o of coyote diets, indicating that some
red foxes show relative diet preferences (Major and Sherburne 1987). Because
all three species showed significant diet overlap, diet alone is unlikely to explain

the large isotopic niche width of red foxes.
Additionally, interference interactions between red foxes and coyotes may
explain why red fox core niche area only overlapped with coyote core niche area

by 15.5% in fall and early winter and by 21.3o/o in summer. Although I could not
determine relative effects of habitat and diet on the red fox isotopic niche in this
study, both habitat use and diet are often driven by interactions between red
foxes and coyotes. ln northern Maine, diets of red foxes and coyotes may
overlap more in summer, when both species forage heavily on fruits, than in
23

winter (Major and Sherburne 1987; Dibello et al. 1990). Unfortunately, I did not
collect stomach contents for any species in summer. Furthermore, home range
overlap was reduced in northern Maine, suggesting potential competition and
predator avoidance (Major and Sherburne 1987; Harrison et al. 1989). Where

intraguild predation occurs between coyotes and swift foxes, coyotes allocate
space use to match resource availability, whereas swift foxes allocate space use
to match safety first (predator avoidance), then resource availability (Thompson
and Gese 2007).
Similar to red foxes, both hair and muscle isotope values indicated that
gray foxes used anthropogenic food sources, although gray foxes appeared to
rely more heavily on anthropogenic foods in summer. Seven gray foxes had ö13C
muscle values above -22.4, and four of those 7 animals had 13C muscle values
above -22. Nine gray foxes had õ13C hair values above

-22,

and of those

animals, two gray foxes had õ13C hair values above -20. Gray foxes may eat a

variety of items ranging from corn to poultry to domestic cats, and they may
occur in both urban and rural landscapes (Cypher 1993; Harrison 1997;
Hockman and Chapman 1983; Larson et a!. 2015). Without stomach contents

representing summer diets for gray foxes, I cannot determine if foxes consumed
anthropogenic foods directly, i.e., corn and poultry, or if they consumed these
foods indirectly, i.e., eating a vole that foraged on corn (Handler el al. 2020).
Gray foxes had smaller isotopic niches at the 50% and 75% contours

compared to red foxes, which could indicate that gray foxes have a broader diet
than red foxes do, or that effects of habitat use on isotope values produced less
24

dispersion, or both (Flaherty and Ben-David 2010). With respect to diet, gray
foxes probably did not eat a more specialized diet than red foxes did, because
stomach contents of gray foxes contained more unique prey items, and gray
foxes are often considered the broadest diet generalists among foxes (Haroldson
and Fritzell 1982). With respect to habitat, gray foxes also are habitat generalists,
though they are often associated with deciduous forests, and they are often
sympatric with both coyotes and red foxes, despite a negative association with

coyote presence (Fedriani et al. 2000; Neale and Sacks 2001; Rountree 2004;
Chamberlain and Leopold 2005; Lesmeister et al. 2015).
Core (50% contour) niche space for gray foxes did not overlap at all with

coyotes in either summer or in early fall and winter. Nonetheless, gray foxes and
coyotes could still eat the same prey items in different proportions, as evidenced
by stomach contents, or in different habitats. Gray fox core niche space

overlapped with red fox core niche space by 27.60/o, though the extent of diet
overlap is unclear. Previous work on red foxes, gray foxes, and coyotes found
significant diet overlap among all species (Cypher 1993; Neale and Sacks 2001;
Hockman and Chapman 1983; Larson et al. 2015). Gray fox and coyote diets
may overlap more due to greater fruit consumption in summer, when coyotes

also eat fewer white tailed deer ((Major and Sherburne 1987; Dibello et al. 1990;
Hockman and Chapman 1983; Larson et al. 2015) Neale and Sacks 2001 ). Red
fox and gray fox diets often overlap, though they may differ in preference for
prey, i.e., gray foxes consume more plant matter and red foxes consume more
small mammals (Cypher 1993; Hockman and Chapman 1983). Even though all
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individuals from all species were collected from agricultural habitats, the degree

of competition between red foxes and gray foxes for anthropogenic foods
remains unclear. Additionally, given extensive evidence for interference
interactions between coyotes and gray foxes, choosing anthropogenic foods may
be a means of partitioning resources for gray foxes, thus promoting coexistence

(Fedriani et al. 2000; Neale and Sacks 2001; Chamberlain and Leopold 2007).
Compared to foxes, coyotes used anthropogenic foods the least, with only

one individual showing enrichment of õ13C above -22, suggesting a diet that
contained more natural foods, consistent with previous studies in Maine (Major
and Sherburne 1987; Dibello et al. 1990). Enrichment of 13C in coyotes has been
associated with disease and also varies widely among individuals with home
ranges that span urban-rural habitats (Newsome et al. 2015; Murray et al. 2015);

however, coyotes in this study did not appear diseased (H. Masters, pers. obs.).
Coyotes are highly associated with large stands of natural forest in Maine
(Harrison et al. 1989), and anthropogenic foods may be less available in this
habitat.

Coyotes had the smallest isotopic niches at the 50% and 757o contours,
which could indicate that they had the broadest diet, used the widest range of
habitats, or both (Flaherty and Ben-D avid 2010). However, based on stomach
contents, coyotes had the narrowest diet of the three species, consisting of birds,
plants, and other mammals, and proportionately most material consisted of other
mammal tissue, with little evidence of anthropogenic food consumption (Masters
pers. obs.). Coyotes often have higher proportions of deer and lagomorphs in
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their diet than red foxes and gray foxes do, which may partly explain the
observed differences in ö13C (Major and Sherburne 1987; Harrison et al. 1989;
Dibello et al. 1990; Larson et al. 2015). Because coyotes are the apex predator,

have relatively large home ranges, and match habitat use with resource
availability, coyotes may forage from a wider range of habitats than red foxes and
gray foxes do (Major and Sherburne 1987; Harrison et al. 1989).
Coyote core niche space overlapped with red fox core niche space by
81.5% and did not overlap at all with gray fox core niche space in summer, which

suggests that coyote and red fox diets overlap more than coyote and gray fox
diets do. Moreover, coyote and red fox isotopic niches overlapped more in
summer than in fall and early winter, which suggests that diet overlap is greater
in summer. Additionally, when sympatric, coyotes, red foxes, and gray foxes may

overlap in diet, though the relative proportions of food items can differ, indicative
of some resource partitioning (Neale and Sacks 2001; Hockman and Chapman
1983; Larson et al. 2015).
I could not obtain fine scale spatial data in this study, which is problematic

because previous research using SIA found that, within a species, õ13C values
can be significantly different due to differences in habitat (Flaherty and BenDavid 2010). However, previous work on red foxes suggested that õ13C values
may not fluctuate solely due to habitat but are best predicted by models of coyote
presence and coyote-habitat interactions (Lavin et al. 2003). Thus, coyotes
displace red foxes and in turn influence red fox diet and isotopic values (Lavin et
al. 2003). ln Maine, interactions with coyotes drive red foxes to establish home
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ranges with minimal coyote overlap (Major and Sherburne 1987; Harrison et al.
1989). These interactions likely impact not only habitat use, but also diet and
isotope values (Major and Sherburne 1987; Harrison et al. 19Bg). Thus, habitat

likely influences isotopic niches of the species in this study. However, given that
all individuals were caught in agricultural habitats, diet may play a major role in
the isotopic niches as well.

Relative trophic positions
Researchers often measure relative trophic position by comparing õ15N

values among species; however, habitat also can play a large role in determining
õ15N values (Ben-David and Flaherty 2012; Warsen

et a1.2014; Savory et al.

2014; Murray et a\.2015). ln this study, coyotes and red foxes held similar mean
õ15N values in fall and early winter, which suggests they consumed similar

proportions of animal-based protein, albeit perhaps not the same prey species.
This result is consistent with another study of the isotopic niche of mammalian
carnivorans in the northeastern U.S. (Warsen eIal.2014). Based on stomach
contents, coyotes ate considerably more animal based protein in fall and early
winter than either red foxes or gray foxes did, as determined by frequency of
occurrence and by weight (H. Masters, pers. obs.). For coyotes, mean õ15N was
lower (by 0.67%") in summer than in fall and early winter, which suggests they
consumed less animal prey in summer (Ben-David and Flaherty 2012). Whereas
berries and snowshoe hares are important prey sources for coyotes in Maine
during summer, snowshoe hares are absent from southern Maine, which may
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partly explain the reduction in animal prey consumed (Major and Sherburne
1987; Dibello et al. 1990).
Compared to coyotes and gray foxes, red foxes had the widest dispersion

of õ15N in fall and early winter and in summer, which may indicate that red foxes
exhibit variable diet and habitat specialization throughout the year (Flaherty and
Ben-David 2010). Whereas red foxes held the highest mean trophic position in
summer, their summer mean õ15N was lower (by 0.2o/"") than their fall and early
winter mean õ15N, which suggests slightly less animal prey consumed in summer
(Ben-David and Flaherty 2012). As discussed earlier, red foxes consume large
amounts of berries in summer in Maine (Major and Sherburne 1987; Dibello et al.
1990), which could explain the differences.

One individual red fox had a õ15N muscle value of 11.3, which suggests a
diet high in animal protein (Ben-David and Flahert y 2012),and a õr3C value of

-

20.9, which is similar to values reported for red foxes consuming anthropogenic
foods, although not as close to values reported for human hair (Nakamura et al.
1982; Schoeller et al. 1986; Nardoto et al. 2006; Newsome et al. 2010; Handler

et al.2020). Additionally, stomach contents of this red fox revealed a large
amount of animal protein, and this individual may have been a juvenile, further
increasing the õ15N value because juvenile red foxes may be more enriched in
õr5N than adults (Roth and Hobson 2000).

Gray foxes had the lowest mean õ15N values in both summer and fall and

early winter, suggesting a diet with relatively less animal-based protein,
differential habitat use, or a combination (Flaherty and Ben-David 2010). Based
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on stomach contents, gray foxes had the highest proportion of plant matter and
proportionately less animal-based protein than coyotes did. Mean õ15N in
summer was higher (by 0.12o/"r) than in fall and early winter, though only slightly,

which may indicate more animal prey consumed in summer (Flaherty and BenDavid 2010). Alternatively, enrichment of õ15N and õ13C may be correlated when
anthropogenic foods are consumed (Handler et al. 2020), which may partly
explain the subtle increase in õr5N for gray foxes because consumption of

anthropogenic foods appeared to increase in summer.

Conclusions
Within the last century in Maine, coyotes have become established, and
gray foxes have recolonized and expanded their range; yet, interactions among

canids in Maine remain poorly understood. Here I build upon previous research
to suggest that the ecological niche of the red fox may result from interference
interactions with coyotes and from competitive interactions with gray foxes.

Coyotes and gray foxes exhibited little isotopic niche overlap; therefore,
these species may have little ecological niche overlap, perhaps because they
partition food resources or use separate habitats. Ultimately, gray fox-coyote

coexistence is observed much more frequently than red fox-coyote coexistence
(Cypher 1993; Chamberlain and Leopold 2005). To the extent that coyotes and
gray foxes overlap spatially in Maine, gray foxes may be more likely to coexist

with coyotes than red foxes are, given that gray foxes can climb trees to avoid
predation, may have less diet overlap, and may consume anthropogenic foods
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throughout the year (Haroldson and Fritzell1982; Cypher 1993; Neale and Sacks
2001: Chamberlain and Leopold 2005; Larson etal.2015). ln addition, to the

extent that taxonomic relatedness and differences in body size govern
interference interactions (Palomares and Caro 1999; Donadio and Buskirk 2006),
gray foxes are the smallest canids in Maine and more distantly related to coyotes

than red foxes are to coyotes, which may partly ameliorate costs of interference
interactions (Bekoff et al. 1981 ; Bardeleben et al. 2005).
Gray foxes and red foxes overlapped in isotopic niche space, and their
diets overlapped; therefore, their ecological niches also may overlap.

lnterference interactions between these species are poorly understood, though
they are likely not as asymmetrical as interference interactions with coyotes.
Prior work investigating red foxes and gray foxes reported diet overlap and

suggested that gray foxes have a competitive advantage of red foxes (Cypher
1993; Hockman and Chapman 1983). Thus, both exploitative competition and

interference competition between gray foxes and red foxes may occur in Maine
(Cypher 1993; Hockman and Chapman 1983).
Among these species, I suggest that red foxes are particularly vulnerable
to costs of competition because they have the greatest isotopic niche width,
overlapping with both potential competitors in summer, fall and early winter.
When coyotes displace red foxes, red foxes use fewer habitats, thereby
narrowing the niche space of red foxes (Major and Sherburne 1987; Harrison et

al. 1989). Based on diet and isotope analyses in this study, red foxes may then
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be subject to competitive interactions with gray foxes, further limiting resource
availability.

Competition and intraguild predation can influence population abundance
and distribution in canids (Sargeant 1982; Voigt and Earle 1983; Hersteinsson

and MacDonald 1992; Berger and Gese 2007). Based on analyses of stable
isotopes and stomach contents that assessed diet, red foxes may be most
susceptible to competitive exclusion among canids in Maine.
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Table 1. Estimates of niche area using kernel utilization density based on muscle
samples for coyotes (n = 16), red foxes (n = 15), and gray foxes (n = 21) in fall
and early winter in southern Maine, 2019.

(%)

Coyote

Red fox

Gray fox

50

1.70

3.93

2.36

75

3.84

8.18

4.17

95

8.11

17.33

7.91

Contour

44

Table 2: Estimates of niche overlap using kernel utilization density of muscle
isotopic signatures aI50o/o contours, 75o/o contours, and 95% contours for

coyotes (n = 16), red foxes (n = 15), and gray foxes (n = 21) captured in fall and
early winter in southern Maine, 2019. A dash (-) indicates 100% overlap.

Coyote

Red fox

Gray fox

50Yo 75o/o 95% 50o/o 75% 95% 50% 75%

95o/o

Coyote

0.357

0.000 0.000

0.000

0.444

0.266 0.694 0.913 0.000 0.000

0.066

95% 0.210 0.473

0.264 0.523 0.785 0.004 0.043

0.156

50% 0.155 0.259 0.544

0.007 0.052

0.195

75% 0.183 0.325 0.518 0.480

0.046 0.090

0.196

0.054 0.096

0.170

50%

75%

0.880

Red

fox

95% 0.098 0.202 0.367 0.227

0.472

Gray

fox

50% 0.000 0.000 0.015 0.012 0.158 0.393

75% 0.000 0.000 0.083 0.049 0.176 0.399 0.566
95% 0.000 0.032 0.160 0.097 0.202 0.372 0.299 0.528
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Table 3. Estimates of niche area using kernel utilization density on hair samples
for coyotes (n = 10), red foxes (n = 12), and gray foxes (n = 14)

i.n

fall and early

winter in southern Maine, 2019.

(%)

Coyote

Red fox

Gra! fox

50

1.79

6.84

3.12

75

3.49

13.24

6.53

95

6.66

28.07

13.00

Contour
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Table 4. Estimates of niche overlap using kernel utilization density of hair
isotopic values at 50% contours, 75o/o contours, and 95% contours for coyotes (n

= 10), red foxes (n = 12), and gray foxes (n = 14) captured in fall and early winter
in southern Maine, 2019. A dash (-) indicates 100% overlap.
Red fox

Coyote

Gray fox

50% 75% 95o/o 50% 75o/o 95% 50% 75%

95%

0.000 0.001

0.214

0.710 0.904 0.991 0.001 0.063

0.325

0.550 0.772 0.932 0.045 0.124

0.385

0.126 0.257

0.440

0.145 0.313

0.483

0.103 0.199

0.343

Coyote

0.815 0.952

50o/o

75% 0.512
95% 0.269

0.525

Red

fox
50%

0.213 0.363

75%

0.129 0.239 0.388

95%

0.064 0.123 0.221 0.244

0.536

0.517
0.472

Gray
fox

50% 0.000 0.001 0.095 0.276 0.614 0.924
75% 0.000 0.034 0.127 0.269 0.636 0.854 0.478
95% 0.029 0.087 0.197 0.232 0.492 0.742 0.240 0.502

Table 5. Prey items identified in red fox (n = 7), gray fox (n = 17), and coyote (n =
5) stomachs collected in the fall and early winter from southern Maine.
Red fox

Coyote
Prey item

No. of

FOO

(%)

Relative

Foo

stomachs

(%)

No. of

Foo

(%)

Gray fox
Relative

Foo

stomachs

(%)

No. of

containing

containing

g prey

prey item

prey item

0

0

0

0

0

(%)

Relative

Foo

stomachs

containin

lnvertebrat

Foo

(%)

5.8

2.7

e

Bird

2

40

22.2

1

14.2

8.3

4

23.5

10.8

Small

0

0

0

3

42.8

25

4

23.5

10.8

5

100

55.5

5

71.4

41.6

11

64.7

29.7

Plant

2

40

22.2

3

42.8

25

13

76.4

35.1

Reptile

0

0

0

0

0

0

5.BB

2.70

mammal

Other
mammal

N

E
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Fig. 1. Map depicting habitat types from locations in which all coyotes, red foxes,
and gray foxes were trapped in fall and early winter, 2019 in southern Maine
townships from left to right starting at the top: Hollis, Buxton, Gorham, Dayton
(center left), Saco, Old Orchard Beach, and Arundel (bottom).
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Fig.2. A) Stable isotope values for muscle samples for individual coyotes (n =
16), red foxes (n = 15), and gray foxes (n = 21), and B) mean values (t 95% Cl)s

for each species collected in fall and early winter in southern Maine, 2019.
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coyote (green circles, n = 10), red fox (orange squares, n = 12), and gray fox
(purple triangles, n = 14) species collected in fall and early winter in southern

Maine, 2019.
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Fig. 6. A null model hypothesis distribution that assumes species utilize
resources independently of one another, based on proportions of diet items for
red foxes and gray foxes collected in fall and early winter in southern Maine,
2019. The red vertical line represents the mean of the observed index (0.92),
long dashed vertical lines represent 95% of a one-tailed distribution, and short
dashed vertical lines represent 95% of a two{ailed distribution.
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Fig. 7. A null model utilization matrix (blue) that represents red foxes, gray foxes,
and coyotes utilizing food items independently compared with the observed

utilization matrix (red) that shows red foxes and gray foxes utilizing prey items
with significant overlap. The area of each circle represents how frequently each
prey item is consumed. Areas with no circles mark no prey utilization.
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Fig. 51: Muscle tissue with lipids extracted (circles) and unextracted (triangles)
for coyotes (n = 3), red foxes (n = 2), and gray foxes (n = 3) captured in late fall
and early winter in southern Maine, 2019. Black lines indicate paired muscle

samples of each individual.
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Fig. 52. Effect of lipid extraction on muscle samples for A) 13C and B) '5N.
Extracted samples were enriched in both isotopes. Medians are indicated by
large black vertical lines within the boxes, and 2nd and 3rd quartiles are
represented by boxes, with the 1st (left)and 4th (right) quartiles marked by lines
branching from the boxes.
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Fig. 53. A coyote traveling over a stream in mid coast Maine in winter (2019)
Photo by Henry Masters.

Fig. 54. A gray fox foraging in the fall (2019) at an experimental food patch
Photo taken at Gilsland Farm in Falmouth, Maine. Photo by Henry Masters
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Fig. 55. A red fox hunting for small mammals in a field in the winter (2020) in mid
coast Maine. Photo by Henry Masters.
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