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Abstract

Niche partitioning reduces interspecific competition, facilitating coexistence. In urban ecosystems, however, habitat loss
reduces species’ ability to spatially partition activity. Temporal partitioning may thus increase in urban areas as species,
unable to avoid each other spatially, partition time to avoid competition. In Midwestern US cities, eastern gray squirrels
(Sciurus carolinensis) and fox squirrels (S. niger) co-occur and compete for resources. We identified urban gray and fox
squirrel activity patterns and how they vary with season, land cover, and among sites where they do and do not co-occur
using camera-trap data. Both species’ activity patterns varied with season and canopy and impervious surface cover. Gray
squirrel activity patterns varied in the presence of fox squirrels only in the fall, providing limited support for our temporal
partitioning hypothesis. Temporal niche partitioning may thus play a role in supporting these species co-existence when

competition is seasonally-elevated (e.g., fall hording), but appears less important in other seasons.
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Introduction

Competitive interactions between species are important
drivers of community composition (Goldberg and Barton
1992), which can affect other ecological processes (e.g.,
species distributions; Ritchie et al. 2009). The competi-
tive exclusion principle states that if two species were to
have identical niches and at least one limiting resource, the
species with superior competitive ability would inevitably
drive the other to extinction (Hardin 1960; Chesson 2000).
Therefore, species have evolved niche partitioning mecha-
nisms to avoid or reduce competition from other species
and reach stable coexistence (Vance 1985), for example,
via spatial (Shigesada et al. 1979), or temporal (by alter-
ing peak activity times) partitioning (Carothers and Jaksié¢
1984). Temporal partitioning may be particularly impor-
tant in coexistence of ecologically-similar species (e.g., Di
Bitetti et al. 2010).
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Temporal niche partitioning may be particularly salient
in urban environments, where habitat is lost or degraded
due to human development and the ability of species to
spatially segregate is eroded (Gallo et al. 2019). In addi-
tion to habitat loss, urban areas are key areas for the intro-
duction of non-native species, including species not native
to the continent and native species outside of their geo-
graphic range on a given continent. Fox squirrels (Sciu-
rus niger) exemplify the latter situation. Fox squirrels are
native to the open woodlands of the eastern United States
but have been intentionally introduced to urban and sub-
urban areas across the country, often to locations with
other native squirrel species. In many areas east of the
Mississippi River, these introductions bring fox squirrels
into contact with native eastern gray squirrels (Sciurus
carolinensis). Both squirrel species readily adapt to living
in urban areas, are ecologically similar (Koprowski 1994a,
b), and can co-occur at the same sites (van der Merwe
et al. 2005); therefore there must exist some mechanism
that enables their stable coexistence. However, few stud-
ies have examined this mechanism, leaving a gap in our
understanding of not only the means whereby these two
species coexist, but also in our broader understanding of
factors that facilitate the co-existence of similar species
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more generally. Understanding the coexistence of close
competitors remains a motivation for testing theories of
diversity maintenance.

Coexistence of gray and fox squirrels in non-urban
systems has been extensively studied. In the eastern US,
forest patches occupied by fox squirrels are different struc-
turally from patches also used by gray squirrels (Dueser
et al. 1988), indicating that habitat partitioning is present
between these species. In the Midwestern US, fox and gray
squirrels were more likely to have conspecifics as neigh-
bors (Armitage and Harris 1982), indicating possible
microhabitat preferences or intolerance of heterospecifics.
Other research has found both species have similar food
preferences, therefore niche differences are likely related
to differential habitat use and predator escape behavior
(Smith and Follmer 1972). In urban environments, how-
ever, habitat patches are significantly smaller and thus con-
tain fewer habitat types; native plant diversity is known
to be lower in urban compared to rural habitat patches
(Aronson et al. 2014). As such, our current understand-
ing of the mechanisms that facilitate gray and fox squirrel
coexistence in non-urban environments may not translate
to urban habitats.

In this study, we sought to identify whether urban gray
and fox squirrels exhibit temporal niche partitioning in
locations where they co-occur in urban environments,
focusing on the Iowa City metropolitan area of Iowa, USA.
We hypothesized that gray squirrels, given their subordi-
nance to fox squirrels in encounters over food (Brown and
Batzli 1985), would shift their activity times to avoid peak
fox squirrel activity, enabling both species to occur on the
same sites. Gray squirrels on sites with fox squirrels would,
therefore, have different activity patterns than gray squir-
rels on sites without fox squirrels. We also expected peak
activity timing to change seasonally, as both species are
well-known to vary activity patterns with changes in day
length and average daily temperatures, and in response to
local habitat variables. Given the importance of canopy
cover in reducing raptor hunting success (Bechard 1982),
squirrels on sites with low canopy cover should have dif-
ferent activity patterns from squirrels on sites with higher
canopy cover to avoid predation. Impervious surface cover,
a proxy for urbanization (Sutton et al. 2009), should also
alter squirrel activity patterns as squirrels balance risk with
the need to forage. By identifying the mechanisms that
support the co-existence of these two species in urban envi-
ronments, this study will help us to ascertain biotic mech-
anisms that could influence each species’ occurrence in
urban environments. It will also further our understanding
of urban ecological theory by determining whether niche
partitioning observed in rural populations also occurs in
urban settings.
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Methods
Study area

Our study area, the Iowa City metropolitan area of Iowa,
USA, is a relatively small metropolitan area embedded in
a predominantly agricultural landscape in the Midwestern
United States. Iowa City is the fifth largest city in the state of
Towa, with an estimated population of 74,566 (U.S. Census
Bureau 2018) in the city proper and, including surrounding
smaller cities and unincorporated settlements, approximately
173,400 residents. The topography of the study area consists
of gentle rolling hills with intermittent plains. The climate
is categorized as humid temperate continental with average
annual high and low temperatures of 16.6 °C and 4.7 °C,
respectively. Average annual precipitation includes 956 mm
of rainfall and 710 mm of snowfall. According to the 2011
National Land Cover Database (NLCD) Land Cover prod-
uct (Homer et al. 2015), the predominant vegetation type in
Johnson County (the county in which the Iowa City metro-
politan area is located) is annual row crops, accounting for
51% of land cover. Impervious surfaces cover 12% of the
county and eastern temperate forest, prairie, wetlands cover
another 17.5%. Common tree species whose seeds serve as
important food sources for squirrels include oaks (Quercus
spp.), maples (Acer spp.), black walnuts (Juglans nigra), and
hickories (Carya spp.).

Data collection

We used data gathered through a camera-trapping effort that
is part of the Urban Wildlife Information Network (UWIN;
Magle et al. 2019). A total of 39 camera sites were estab-
lished across the urban-to-rural gradient in the Iowa City
metropolitan area using UWIN protocols (Magle et al. 2019;
MacDougall and Sander 2022). Sites were selected using a
stratified random-sampling scheme whereby we first laid out
transects across the urbanization gradient, then divided them
into 10 equally sized 4 km by 5 km sections. We randomly
generated four potential camera sites within each section.
Sites included a wide range of habitat types, among them
urban parks with few trees and lawn understory, suburban
yards and open spaces with mature trees and shrubs, rural
row crop landscapes, and protected areas with a closed can-
opy and dense understory. Randomly generated points that
were not viable (e.g., in the middle of a house) were relo-
cated to the nearest suitable site. To reduce the likelihood of
capturing the same individual on multiple sites, all cameras
were located at least 1 km away from each other.

One Bushnell Trophy Trail Camera (Bushnell Out-
door Products, Overland Parks, KS) was placed at each
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site for at least 30 days in four separate months (January,
April, July, and October) beginning in 2017 and continu-
ing to the present. Each camera was attached to a tree
along a prominent game trail at a height of 1 m above the
ground. Cameras were set to run continuously and take
one, date- and timestamped photograph any time a warm
object moved in the field of view with a 30 s quiet period
between each photo if the motion sensor is continuously
triggered. Species present in photographs were identified
by trained graduate and undergraduate student research-
ers, with each photograph receiving at least two independ-
ent identifications. If two researchers did not agree on the
identity of the species in a photograph, a third observer
(another graduate student) was used as a “tie breaker”.
Photographs of animals that could not be identified to spe-
cies or that contained no animals were not included in this
analysis (n =22,986).

We used data collected over 10 sampling months (July
2017 — October 2019) to identify fox and gray squirrel
“occupancy”. A site was considered “occupied” by a species
for a sampling bout if it was detected during half or more
of the weeks sampled. For example, if one photo of a fox
squirrel was captured in both the first and second week of
October, the site would be considered occupied by fox squir-
rels for the month of October. This method of determining
occupancy was used to reduce the likelihood of classifying
sites with transient squirrel individuals as truly occupied.
Sites were categorized as having one of three occupancy
states during each bout: “gray squirrel only” (only gray
squirrels were detected), “fox and gray squirrel present”
(both species were detected), and “fox squirrel only” (only
fox squirrels were detected). Because occupancy status was
determined independently for each bout, camera sites could
change status between bouts. This definition is different from
“occupancy” that uses complex statistical modeling (e.g.,
MacKenzie et al. 2002). Because our goal was not to identify
what variables influence whether a squirrel species occupies
a site, we utilize this coarse metric simply to characterize the
site as containing one, both, or no squirrel species.

We used the date- and timestamp on each photograph to
determine activity patterns for each species. Dates of photo-
graphs were used to determine the season in which an image
was captured, such that photographs dated from January 1
to January 31 were categorized as “winter”, from April 1
to April 30 were categorized as “spring”, from July 1 to
July 31 were categorized as “summer”, and from October
1 to October 31 were categorized as “fall”. We used the
‘fitact’ function in the R package ‘activity’ (Rowcliffe et al.
2014) to fit a kernel density estimate to the timestamps on
the photos of each species. This function bootstrap samples
(with replacement) the timestamp distribution then uses
the calculated mean and standard error to fit a probability
distribution function across a 24-h activity time axis. Peak

activity times were estimated for each species for each sea-
son using 1,000 bootstrap repetitions. In addition, seasonal
gray squirrel activity was estimated separately at sites where
fox squirrels were present and at sites where fox squirrels
were not present to identify whether the presence of fox
squirrels was related to gray squirrel activity. We used the
‘compareAct’ command in the ‘activity’ package to run sev-
eral pairwise Wald tests to assess differences in peak activity
times between seasons for both gray and fox squirrels. We
also used ‘compareAct’ to identify whether gray squirrel
activity patterns differed on sites with and without fox squir-
rels for each season.

We also examined the effects of tree canopy and impervi-
ous cover on squirrel behavior. We delimited 100 m radius
buffers around each camera site to approximate the aver-
age home range of fox and gray squirrels (area=3.14 ha,
range =2.39-7.56) in small woodlots and urban settings
(Adams 1976; Tounzen et al. 2013). We calculated the mean
percent impervious surface cover within each buffer using
the 2009 High Resolution Land Cover for Johnson County,
Iowa which we updated to 2015 conditions using tax asses-
sor and planimetric data prior to calculations. We calcu-
lated average tree canopy cover using the 2016 NLCD Tree
Canopy product (Coulston et al. 2012). We then categorized
sites as having “high” or “low” cover in each of these cat-
egories by comparing a site’s cover with the mean canopy
(6.90 + 18.57%) or impervious (4.24 +14.26%) cover at the
county level. We utilized county-level estimates because
some of our sites extend beyond our urbanized areas and
these values are more representative of land cover within our
sampling area. Sites were categorized as “high” if their aver-
age tree canopy or impervious cover exceeded the average
values reported for Johnson County and “low” if their aver-
age cover was below the average value of Johnson County.
All spatial analysis was done in ArcMap 10.6.7 (ESRI,
Redlands, CA). We used pairwise Wald tests to determine
whether differences existed in peak activity times on sites
with high and low canopy cover and high and low impervi-
ous surface cover separately. All analyses were performed,
and Figs. 2—-8 were created, in R version 3.6.1.

Results
Photos and occupancy

We used data from 39 camera sites that were surveyed 10
times each (2 winter, 2 spring, 3 summer, 3 fall), except
when logistical constrains prevented camera placement
for that month (n =18 cameras not placed for one month
across three years; 3 in April 2017, 1 each in April and
July 2018, 3 in October 2018, 7 in January 2019, and 2
in April 2019), for a total of 372 sampling bouts from
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July 2017 to October 2019. The cameras were active for a
total of 10,997 trap-days. A total of 14,075 photographs of
squirrels were captured: 11,527 of gray squirrels and 2,548
of fox squirrel. Of these photographs, 15% (n=2,164 pho-
tos) were captured in winter, 24% (n=3,388) were cap-
tured in spring, 6% (n=_881) were captured in summer,
and 54% (n=7,642) were captured in fall. The average
number of squirrel photos per site was 360.9 (SD =280.2,
range: 13-1,480). Gray squirrels were detected in 289
sampling bouts and fox squirrels were detected in 112
sampling bouts. There were 189 bouts classified as “only
gray squirrel present”, 77 bouts as “both gray and fox
squirrel present”, and 19 as “only fox squirrel present”,
and 87 bouts where neither squirrel was detected. Gray

Survey site

O Gray squirrel only

Fox and gray squirrel

squirrels were detected in at least one bout at all 39 camera
sites while fox squirrels were detected at least once at 21
camera sites (Fig. 1).

We classified 33 sites as high canopy cover (cover > 6.90%)
and 6 sites as low canopy cover. Fox squirrels occurred on
19 of the 33 high canopy-cover sites, but on only one of the
6 low-canopy cover sites. Fourteen sites were classified has
having high impervious surface cover (cover >4.24%) while
25 sites were classified as having low impervious cover. Fox
squirrels were present on 3 of the 14 high impervious cover-
sites and 17 of the 25 low impervious-cover sites. As stated
above, gray squirrels were present at all sites. Total numbers
of photographs captured of each species at each site type can
be found in Online Resource 1.

Fig. 1 Locations of fox squirrel and gray squirrel detections at 39 camera sites. The black markers represent sites where photos of both gray and
fox squirrels were obtained in at least one sampling bout. The white markers represent sites where only photos of gray squirrels were obtained
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Activity patterns

Fox squirrels exhibited a diurnal activity pattern, with
peak activity in the late morning hours (approximately
09:00-10:00) that tapered off throughout the day until activ-
ity ceased at approximately 19:00-20:00 (Fig. 2). Fox squirrel
activity patterns did not differ significantly between seasons
(winter-spring W=0.444, p=0.50; winter-summer W=0.389,
p=0.53; winter-fall W=1.935, p=0.16; spring—summer
W=0.921, p=0.34; spring-fall W=3.784, p=0.058; summer-
fall W=0.002, p=0.96). Because differences in activity pat-
terns between seasons were not significant, fox squirrel activ-
ity data are presented as year-round activity in the remaining
analyses.

Fox squirrel activity patterns differed significantly on
sites with high impervious compared to low impervious sur-
face cover (W=10.812, p<0.01; Fig. 3). Fox squirrel activ-
ity on sites with high impervious cover increased beginning
at 06:00, with peak activity occurring near midday, before

steadily decreasing throughout the evening. On sites with
low impervious cover, fox squirrels exhibited steady activ-
ity during daylight hours. Fox squirrel activity patterns also
differed significantly between sites with high and low tree
canopy cover (W=18.646, p <0.01; Fig. 3) such that activity
steadily increased during the morning, peaked at midday,
then steadily decreased in the evening. On sites with high
canopy cover, fox squirrels were more continuously active
during daylight hours.

Gray squirrels exhibited a crepuscular activity pattern,
with peak activity at approximately 09:00 followed by
a midday decrease in activity, then another activity peak
around 17:30. Gray squirrel activity ceased at approxi-
mately 19:00-20:00 (Fig. 4). Gray squirrel activity pat-
terns differed significantly between most seasons, (winter-
spring W=52.053, p <0.01; winter-summer W=65.305,
p <0.01; winter-fall W=_89.254, p <0.01; spring—summer
W=5.797, p=0.02; summer-fall W=4.134, p=0.04),
but not between spring and fall (spring-fall W=0.535,
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Fig. 2 Fox squirrel activity patterns by season based on kernel density estimation. There are no significant differences in activity patterns among

seasons (all pairwise comparisons p >0.05)
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Fig.4 Gray squirrel activity patterns by season based on kernel density estimation. Winter-spring, winter-summer, winter-fall, spring—summer,
and summer-fall activity pattern differences are significantly different (p <0.05) while spring-fall are not (p =0.46)
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more continuously diurnal, with activity increasing until
approximately 11:00, then slowly decreasing until around
18:00 when activity declined sharply. Fall activity was simi-
lar to summer activity, but with slight increases in morning
and late afternoon activity. Although spring and fall activ-
ity patterns did not differ significantly, the data for these
seasons were not combined and were treated separately in
further analyses.

Gray squirrel activity was significantly different on sites
with high canopy cover compared to low canopy cover
(W=12.134, p<0.01; Fig. 5). Gray squirrels on sites with
low canopy cover were more active in the morning, with
peak activity occurring between 09:00 and 12:00, and less
active in the evening compared to sites with high canopy
cover. No interactive effects of season and canopy cover on
squirrel activity times occurred (all comparisons p > 0.05).
Gray squirrel activity was significantly different on sites with
low compared to high impervious surface cover in the winter
(W=4.444, p=0.04), spring (W=9.896, p <0.01), and fall
(W=25.301, p<0.01), but not in the summer (W=2.672,

p=0.10; Fig. 6). In winter, gray squirrels on high impervi-
ous cover sites are more active in mid-morning than gray
squirrels on low impervious cover sites. In the spring and
fall, however, gray squirrels at high impervious sites are less
active in the mid-morning and more active at midday/late
afternoon than gray squirrels at sites with low impervious
cover.

Activity overlap

Gray squirrel activity patterns on sites with fox squirrels did
not differ significantly in winter and spring seasons, but did
differ significantly in fall and were close to significantly dif-
ferent in summer (winter activity W=1.264, p=0.26, spring
activity W=2.44, p=0.12; summer activity: W=3.754,
p=0.055; fall activity W=28.545, p<0.01; Fig. 7). In win-
ter, gray squirrels on sites with and without fox squirrels
exhibited an activity peak in the morning near 09:00, fol-
lowed by a decrease in activity until sunset (approximately
17:30) when activity peaked once again before ceasing for
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Fig.5 Gray squirrel activity patterns on sites with high and low tree canopy cover, as measured using the 2016 NLCD Tree Canopy Product.
Gray squirrel activity was significantly different among high and low canopy sites (W=12.134, p<0.01)
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Fig.6 Gray squirrel activity patterns on sites with high and low
impervious surface cover in (a) winter, (b) spring, (¢) summer, and
(d) fall. Activity patterns were significantly different on sites with low

the day. Spring activity was similar to winter activity, with
a wider peak of activity time in the morning. In summer,
gray squirrels on sites with fox squirrels exhibited a morning
activity peak followed by declining activity. On sites without
fox squirrels, gray squirrel peak activity occurred at mid-
day and lasted several hours. In fall, gray squirrels on sites
with fox squirrels experienced an activity peak right after
sunrise followed by declining activity until another activity
peak occurred about an hour before sunset. On sites without
fox squirrels, gray squirrels remained continuously active
through the day.

On sites where the two squirrel species co-occurred,
their seasonal activity patterns differed significantly in
winter (W=19.643, p<0.01), spring (W=4.300, p=0.04),
and fall (W=5.275, p=0.02), but not summer (W=1.696,
p=0.193; Fig. 8). In winter, gray squirrel activity peaked in
the morning, at noon, and again just before sunset. In spring,
gray squirrels experienced peak activity around 09:00,
then activity tapered through the day with a small activity
peak around 18:00. Summer gray squirrel activity patterns
resembled spring activity patterns; however, no peak activity
spike occurred in the evening. Fall gray squirrel activity was

@ Springer

compared to high impervious surface cover in all seasons except sum-
mer (winter: W=4.444, p=0.04; spring: W=9.896, p<0.01; sum-
mer: W=2.672, p=0.10; fall: W=25.301, p<0.01)

characterized by relatively continuous all-day activity. Fox
squirrels exhibited relatively constant activity levels from
09:00 to 18:00 year-round.

Discussion

We sought to identify urban gray and fox squirrel activity
patterns and whether they vary with season, land cover, and
among sites where these species occur alone and together,
thereby assessing spatiotemporal variation in squirrel activ-
ity across urban environments and the potential for tempo-
ral niche partitioning to facilitate co-occurrence of these
species. Both species’ activity patterns differed among
sites with high and low levels of tree canopy and imper-
vious surface cover, with important seasonal variation and
interactions between season and imperious cover for gray
squirrels. We found only limited support for our hypothesis
regarding temporal niche partitioning such that gray squirrel
activity patterns varied in the presence of fox squirrels only
in the fall. Fall was the only season in which gray squir-
rels at sites with and without fox squirrels had significatly
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Fig.7 Activity patterns of gray squirrels in the presence and absence
of fox squirrels in (a) winter, (b) spring, (¢) summer, and (d) fall
based on kernel density estimates. Dotted lines indicate sites on
which both gray and fox squirrels were present, dashed lines indicate
sites where only gray squirrels were present. Activity patterns of fox

different activity patterns, and gray and fox squirrels had
significantly different activity patterns. In the other seasons,
there was either not a significant difference in the activity of
gray squirrels at sites with and without fox squirrels (winter,
spring), or gray and fox squirrel activity patterns were not
significantly different (summer). Thus, while temporal niche
partioning may allow these species to co-occur in fall, it is
unlikely to influence co-occurrence patterns overall.

Our results suggest that, in this system, tree squirrel activ-
ity patterns differ among sites with above versus below aver-
age tree and impervious surface cover more than they do
among sites where the species we examined do and do not
co-occur. Fox squirrels were more active at similar times
on sites with above-average impervious surface cover (late
morning) and with low canopy cover (midday; Fig. 3). Sites
with above-average impervious cover are indicative of higher
development intensity than average in the study area while
low canopy sites include recent development and grassy
areas as well as highly impervious sites. We observed few fox
squirrels on these sites (n=28 photos on low canopy sites,
n =289 photos on high impervious sites); thus, such environ-
ments may represent poor habitat for this species. Although
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squirrels (gray solid lines) are provided for reference. Gray squirrel
activity was nearly significantly different in summer (p=0.055) and
significantly different in fall (p<0.01), but not in winter (p=0.26)
and spring (p=0.12)

some high impervious sites did have high canopy cover
(e.g., older residential neighborhoods with mature trees), fox
squirrels were also rare on these sites (n =261 photos). High
impervious and low canopy sites may offer reduced amounts
of food or protection from predators, and higher activity may
occur in late morning/midday to minimize predation risk
(e.g., from crepuscular predators). In contrast, gray squirrels
were photographed more often on high impervious (n=6,674
photos) and low canopy (n=2,301 photos) sites. This find-
ing agrees with studies in Chicago that found gray squirrels
are more likely to occur in areas with high human densities
compared to fox squirrels (van der Merwe et al. 2005) and in
Missouri where gray squirrels replaced fox squirrels in a new
suburban housing development as food resources increased
(Sexton 1990); therefore, gray squirrels may have a competi-
tive advantage on these sites which have fewer trees given
more efficient use of limited food resources. However, it is
also possible that gray squirrels are competitively excluded
from sites with high canopy and low impervious surfaces.
Future studies that explore mechanisms such as resource use
and interactions among gray and fox squirrels may be better
able to identify such relationships.
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Fig.8 Gray squirrel and fox squirrel activity patterns in (a) winter,
(b) spring, (c) summer, and (d) fall based on kernel density estima-
tion. Fox squirrel activity patterns did not differ significantly in dif-

Gray squirrels exhibited significant differences in activ-
ity patterns with respect to tree canopy cover. No significant
interaction existed between canopy cover and season such
that gray squirrels were more active in the morning and less
active in the evening on sites with low canopy cover across
all seasons (Fig. 5). Sites that have low canopy cover include
large grassy areas such as meadows, agricultural fields, and
lawns, and areas with high impervious surface cover. Squir-
rels perceive areas with low tree canopy or shrub cover as
areas of increased predation risk (Thorson et al. 1998), thus
gray squirrel activity may shift to avoid peak predator activ-
ity times in these areas as predation risk is one of the largest
foraging costs experienced by small mammals (Preisser et al.
2005). Predation risk may also explain seasonal variation in
gray squirrel response to impervious surface cover. Gray squir-
rels were more active in the morning and less active midday
or in the evening on low impervious cover sites in the spring
and fall, but less active in the mornings and more active in the
evenings on low impervious cover sites in the winter (Fig. 6).
In spring and fall when, given the deciduous nature of most
trees in the study area (Zhao and Sander 2018; Sander and
McCurdy 2021), all sites have yet to grow or have started
to lose canopy cover, gray squirrels might be active early in

@ Springer

ferent seasons. Gray and fox squirrel activity differed significantly in
winter (p <0.01), spring (p=0.04), and fall (p=0.02)

the morning to avoid aerial predators (Bildstein 1978). How-
ever, predation risk may decline with increasing impervious
cover as predator abundance is often lower in more intense
urban environments (Dénes et al. 2017), allowing gray squirrel
activity to be more evenly distributed. For example, Bowers
and Breland (1996) show that gray squirrels spend more time
foraging in more urban compared to rural sites. When trees
leaf out in summer, aerial predation risk decreases at any site
with high canopy cover, potentially causing lack of significant
activity pattern changes in this season.

It is possible that the observed difference in winter activ-
ity patterns on high and low impervious surface cover sites
may be related to the urban heat island effect (Imhoff et al.
2010). Given that impervious surfaces retain and re-radiate
heat, gray squirrels in areas with high impervious surface
cover may be able to start foraging earlier in the day as ambi-
ent tempetaures would be warmer than in low impervious
surface environments. Gray squirrels are relatively small
mammals (Koprowski 1994a) and warmer ambient tem-
peratures caused by impervious surfaces would allow gray
squirrels to reduce some of the metabolic costs associated
with winter activity. This possibility warrants exploration
in future studies.
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As we predicted, gray squirrel activity patterns differed
among seasons (Fig. 4); however, fox squirrel activity pat-
terns did not (Fig. 2). It is not surprising that we observed
seasonal changes in gray squirrel activity patterns, given that
gray squirrels are known to exhibit different activity levels
in different seasons (Thompson 1977). What is surprising is
that our data did not identify significant changes in fox squir-
rel activity patterns among seasons. Rather than being a true
biological phenomenon of Iowa City fox squirrels, we sus-
pect our inability to detect statistically significant differences
among seasons was related to sampling design and sam-
ple size. Our cameras were deployed outside of important
breeding windows for fox squirrels (peak breeding occurs
in December and June; Koprowski 1994b), which prevented
us from capturing reproduction-related changes in activity.
If the cameras collected data for longer time intervals each
season, we might capture short-term seasonal changes in fox
squirrel behavior. The sample size of fox squirrel photos was
also smaller than gray squirrels, which may limit our statisti-
cal power and ability to identify seasonal behavior patterns
and differences among them.

Gray and fox squirrel activity patterns differed signifi-
cantly in winter, spring, and fall (Fig. 8). However, gray
squirrels on sites with fox squirrels had significantly dif-
ferent activity patterns from gray squirrels on sites with-
out fox squirrels only in fall (Fig. 7). Thus, contrary to our
hypothesis, gray squirrels did not appear to shift their daily
activity patterns specifically to avoid fox squirrrels during
most seasons. Fox and gray squirrels may thus only vary
their activity patterns to avoid interspecific competition in
the fall when there is intense inter- and intraspecific com-
petition to collect food to cache through the winter. It as
been demonstrated that, at least for females, fox squirrels
are capable of displacing gray squirrels from food sources
(Brown and Batzli 1985), and these aggressive encounters
may increase during the fall hording season. Thus increased
gray squirrel activity in the early morning and evening and
reduced activity in the afternoon in the fall could minimize
direct encounters with fox squirrels during peak fox squirrel
afternoon activity times.

The results of this study should be considered with respect
to certain limitations. Firstly, camera trapping poses limita-
tions that could affect our findings. Trail cameras are limited
in their ability to capture animal behavior, in the sense that
cameras do not perfectly detect all animals (Burton et al.
2015). Cameras cannot detect animals that occur on a site
but do not pass in front of the camera, thus a small possibil-
ity exists that squirrel species were present on sites but not
observed and their activity time not recorded. Even when
animals are detected by a camera, if the animal is out of
focus or obscured by vegetation, identification to species is
challenging. As such, it is possible that fox and gray squirrels
co-occur on some sites where only one species was observed

or that photos of gray and fox squirrels were captured but
discarded because the human observers could not confidently
identify the animal. Additionally, it is possible gray squirrels
avoid fox squirrels for a few minutes at a time during direct
confrontations, but this difference would not be captured by
current methods of activity pattern modeling because activity
patterns are smoothed over a 24-h curve. Setting trail cameras
to record video or to take several photos in quick succession
could improve detections and identifications of animals, as
well as record behavioral changes that occur on the order of
minutes. The use of GPS collars that record highly-detailed
location data at short time intervals could also futher eluci-
date squirrel activity patterns and their relationships with
land use and intra- and interspecific competition. Addition-
ally, we did not examine relationships between gray or fox
squirrel activity patterns and land-use and land-cover com-
position or species preferences for particular environments,
nor did we assess the effects of tree and impervious surface
cover measured at multiple spatial scales. Examining these
relationships in future studies would help to further identify
the degree to which the conditions represented by different
land use and cover and urban environments affect the activity
patterns of these species and at what scale these conditions
are most relevant. Given that the presence of predators could
affect squirrel activity patterns, future studies should also
explore these relationships in order to identify the role of
predators in shaping such patterns.

Conclusions

Urban environments pose challenges that impact species
interactions and activity patterns. Temporal niche partition-
ing in urban environments may allow species to co-occur
in ways that are similar to non-urban settings. While we
found that temporal niche partitioning may contribute to
the coexistance of gray and fox squirrels in our study area,
the strength of these interspecific interactions appears to be
modulated by seasonal environmental changes and urban
development. It appears both species react more strongly
to differences in tree canopy and impervious surface cover
than to competition with each other. Even when gray and fox
squirrels coexist on the same site, there is no evidence that
gray squirrels alter their activity patterns, except when com-
petition is seasonally elevated (fall). Although fox squirrels
may dominate gray squirrels in direct confrontations over
resources, gray squirrels are more efficient foragers (Brown
and Batzli 1985) and more tolerant of human development
(Parsons et al. 2018), which has likely promoted the stable
coexistence of these two species in our study system. This
increased tolerance of human development could lead to local
replacement of fox squirrels by gray squirrels as urbanization
increases across their range (Sexton 1990). Replacement of
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fox squirrels by gray squirrels may lead to a reduction in tree
seedling recruitment given that gray squirrels are better able
to locate buried seeds than fox squirrels (Brown and Batzli
1985). Gray squirrels also occur in higher densities in urban
areas (Parker and Nilon 2008; Hansen et al. 2020), therefore,
given their high rate of cache retrieval, fewer cached seeds
may germinate in urban areas. As scatterhoarding by rodents
is an important dispersal mechanism for some tree species
(Theimer 2009), this could have imortant implications for
urban forest dynamics. Understanding mechanisms of niche
partitioning between these two species will therefore help us
to understand the mechanisms that can preserve coexistance
at sites where both species still occur.
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