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Abstract
Urban habitats provide wildlife with predictable, easily accessible and abundant food sources in the form of human food 
waste. Urban eastern gray squirrels (Sciurus carolinensis) are commonly observed feeding in trash bins, but we lack data 
regarding the type, quantity and seasonal changes in food waste usage. We observed five trash bins on an urban university 
campus during four different observation periods. We recorded the time squirrels spent on and inside trash bins and type of 
retrieved food items. We also recorded ambient temperature, human presence and trash bin filling. Moreover, we determined 
changes in squirrel population density in a natural and three anthropogenic habitats during the same periods. Trash bins were 
fuller when human presence was higher. The higher human presence, the more squirrels went on and inside the bin, but there 
was no effect on number of retrieved food items. Trash bin usage by squirrels decreased when ambient temperature and bin 
filling increased. Most food items were retrieved during the coldest observation period, a period of high human presence, 
and the majority of retrieved food items were starchy foods (e.g., bread, French fries). The relationship between the number 
of squirrels observed along transects and a measure of urbanization, the normalized difference built-up index, was negative 
in periods with high ambient temperatures and positive in periods with low ambient temperatures, indicating winter may be 
less challenging in urban areas, likely facilitated by the availability of anthropogenic food sources, allowing a higher level 
of activity throughout winter.

Keywords Anthropogenic food sources · Population density · Garbage · Trash bin · Urbanization · Waste

Introduction

Urban development is a major form of land change, and can 
result in local extinction of native species and their replace-
ment with non-native species (McKinney 2006, 2008; Grim-
mond 2007; Grimm et al. 2008). While some species, such 
as many carnivores (Ordeñana et  al. 2010), avoid urban 

environments, synanthropic species, for example, many bird 
and rodent species, manage to reproduce and persist in anthro-
pogenically modified habitats (McKinney 2006; Hansen et al. 
2020). However, numerous sub-lethal effects on behavior, 
communication, metabolism, nutrition, stress hormone levels 
and health have been described (Birnie-Gauvin et al. 2016). A 
species’ response to urbanization can be region-specific and 
vary with landscape-scale metrics such as human population 
density and the availability of green space (Plaza and Lamber-
tucci 2017; Murray et al. 2019; Fidino et al. 2020).

Urban habitats differ in many aspects from more natural 
habitats. Importantly, they often present animals with predict-
able and abundant anthropogenic food subsidies in the form 
of bird feeders, nuts provided for rodents, backyard resources, 
composts, human food waste or refuse (Oro et al. 2013; Plaza 
and Lambertucci 2017; Hansen et al. 2020). Numerous urban 
populations of birds, mammals, reptiles and amphibians are 
known to consume anthropogenic food sources (Contesse 
et al. 2004; Oro et al. 2013; Birnie-Gauvin et al. 2016; Plaza 
and Lambertucci 2017; Katlam et al. 2018; Schulte-Hostedde 
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et al. 2018; Lenzi et al. 2019). Nutrient content of anthro-
pogenic food differs from natural food. Human food waste 
typically has a higher fat and carbohydrate content, and its 
consumption can result in a reduced intake of dietary protein, 
antioxidants and vitamins (Murray et al. 2015b, a; Andersson 
et al. 2018; Schulte-Hostedde et al. 2018). Both positive and 
negative health outcomes have been reported from wildlife 
species that ingest anthropogenic food waste (Plaza and Lam-
bertucci 2017), but we lack data regarding the type, quantity 
and seasonal changes in food waste usage for many species.

Eastern gray squirrels (Sciurus carolinensis) are commonly 
found in anthropogenic environments in North America [and 
Europe] (van der Merwe et al. 2005; Benson 2013; Engel et al. 
2020). In hardwood forests, they primarily feed on tree nuts and 
samara fruits of deciduous trees and shrubs (Moller 1983). They 
are scatter hoarders and rely on stored food items during winter 
(Koprowski 1994). In urban habitats, they also raid gardens, 
bird feeders and composts (Hansen et al. 2020), and although 
gray squirrels are commonly observed feeding in dumpsters 
and trash bins, this behavior has only been noted anecdotally in 
the scientific literature (van der Merwe et al. 2005). Gray squir-
rels are diurnal and easy to spot. Urban populations become 
habituated to human presence and show reduced flight initiation 
distances, which are used to measure perceived predation risk 
(Cooper et al. 2008; Bateman and Fleming 2014; Engel et al. 
2020). These characteristics make gray squirrels an excellent 
model species to study human food waste consumption. Gray 
squirrel population density varies between different habitat 
types and is often elevated in urban environments (Hein 1997; 
Parker and Nilon 2008; Engel et al. 2020). But few studies have 
determined and compared seasonal changes in population den-
sity in different habitat types. For this study, we conducted a 
total of 161.5 h of observations of five different trash bins situ-
ated on an urban university campus. We assumed that trash bins 
would be fuller when more people were present on campus, and 
thus, predicted that squirrels would use trash bins more often 
during periods of high human presence. Further, we predicted 
that trash bin usage would vary seasonally. In winter, natural 
food availability is low and squirrels rely on previously stored 
food items (Koprowski 1994). Thus, we expected that squir-
rels would consume more anthropogenic food items during the 
winter, and especially so at the end of winter, when natural food 
availability is lowest. We also assessed how squirrel popula-
tion density changes throughout the year in a natural and three 
anthropogenic habitats.

Materials and methods

Study species

The eastern gray squirrel (S. carolinensis) is a medium 
sized (300–710 g) tree squirrel native throughout eastern 

North America (Koprowski 1994). It is commonly found 
in both deciduous forests and anthropogenic environments, 
such as parks and residential areas, and it has been suc-
cessfully introduced to Europe and South Africa (Benson 
2013). They frequently descend to the ground to forage 
and cache food (Koprowski 1994). Their peak activity 
period occurs in summer or fall (Bakken 1959; Thompson 
1977); their activity pattern is bimodal from spring to fall, 
with morning and afternoon peaks, and unimodal in win-
ter, with one peak occurring around midday (Koprowski 
1994; Koprowski et al. 2016). Gray squirrel food con-
sumption peeks in summer or fall and decreases in winter, 
and body mass is largest in fall or winter and decreases 
in the spring (Knee 1983; Koprowski 1994). Home range 
size varies between 0.5 and 20.2 ha, but home ranges are 
usually smaller than 5 ha (Doebel and McGinnes 1974; 
Koprowski 1994; Tounzen et al. 2012).

Gray squirrel population density differs between differ-
ent habitats. In forest habitats, population densities around 
or below 3/ha have been reported (Barkalow et al. 1970; 
Healy and Welsh 1992). In contrast, population densities 
can be much higher in urban environments (Hein 1997; 
Engel et al. 2020), although area-specific differences have 
been reported (Parker and Nilon 2008). An average popu-
lation density of 32/ha has been reported in urban parks 
in St. Louis, Missouri (Engel et al. 2020). The same study 
reported lower population densities in urban forests (6/ha), 
residential neighborhoods (5/ha) and cemeteries (4/ha), 
and very low densities at golf courses (< 1/ha) (Engel et al. 
2020). Population density at an urban university campus 
has been reported as 4.7/ha (Hein 1997).

Trash bin observations

We observed five different metal trash bins (Fig. 1) on Duke 
University campus, North Carolina, USA (36.001596, 
− 78.940459). The average distance between trash bins 
was 343 m (± SD = 169 m). We observed each bin for at 
least 8 h each during four different observation periods, 
resulting in 40 h of observation per period and a total of 
161.5 h of observation. Observation periods lasted for 
36–42  days during July–August 2020 (summer), Sep-
tember–October 2020 (fall), November–December 2020 
(transition fall–winter) and February–March 2021 (transi-
tion winter–spring). All bins were situated on Duke West 
campus (2.9  km2), which contains a heterogenous mixture 
of buildings, sparsely treed grass lawns and several small 
forested areas which contain several tree species that offer 
natural food sources to the squirrel population (e.g., oak, 
maple, hickory, pine). The majority of residential quads 
are situated on Duke West campus and the campus popu-
lation comprised ~ 16,170 students in the academic year 
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2020–2021. No lectures occurred between November 16th 
2020 and January 20th 2021. We chose trash bins that were 
located in areas which are frequently used by people. Three 
bins were in close proximity to food courts and restaurants, 
one was situated in front of a building that contains a cafe 
and is highly frequented by students, and the fifth bin was 
located next to a small forested area which is used by stu-
dents and staff to relax and eat on benches near the trash 
bin. During the first Covid-19 lockdown in North Carolina 
(between July and August 2020), very few people were 

present on Duke university campus and most restaurants 
were closed. However, trash bin filling in July was similar 
to November 2020 and February 2021 (Table 1) because 
trash bins were emptied less regularly (every 2–3 days) 
compared to every 1–2 days outside of the lockdown (pers. 
comm. with refuse collectors). We did not note any bird 
feeders on campus, but squirrels are occasionally intention-
ally fed with anthropogenic food by people, for example, on 
food courts (pers. obs.). In all but the February sampling 
period, we conducted half of the observations in the morn-
ings and half in the afternoons, and we adjusted the obser-
vation windows to the changes in daylength and activity of 
squirrels (July: 7:45–10:15 and 15:00–19:00; September: 
8:15–10:15 and 15:00–18:00; November: 8:30–11:00 and 
14:00–17:00). Squirrels show a unimodal pattern of activ-
ity in winter, and thus, in February we conducted observa-
tions between 12:00 and 17:00 when they are most active. 
During observations, we sat at a distance of approximately 
10 m from trash bins and recorded the date, start and end 
time of the observation, weather condition (sunny, cloudy, 
windy), bin ID and how full the bin was at the beginning of 
the observation (0–100%; 125% was used for overflowing 
bins), whether the bin was in the shade or sun, time a squir-
rel climbed on a bin and left it, time a squirrel went inside 
and when it came out of the bin. We also noted whether 
squirrels retrieved food items and the type of food item. 
Although we are unable to test this, we deem it likely that 
squirrels consumed the vast majority of food items outside 
of trash bins. The majority of squirrels (84% of individuals) 
spent less than one minute inside the trash bin and only 8% 
spent more than 2 min inside. When inside a bin, we would 
hear squirrels go through the trash, looking for food which 
they then consumed while sitting on the bin or a nearby 
tree. During each observation, we counted how many peo-
ple used trash bins and the number of people walking past 
bins within 2 m. Specifically, we counted each disturbance 
at a bin, meaning that we counted a group of people passing 
by a bin as a single disturbance. We also extracted aver-
age ambient temperature during each observation from a 

Fig. 1  Eastern gray squirrel (Sciurus carolinensis) eating a piece of 
bacon it retrieved from one of the five trash bins used for observations

Table 1  Overview of the 
observation hours and variation 
in ambient temperature, time 
squirrels spent on and inside 
trash bins, the number of times 
they retrieved food items, 
trash bin filling, the total 
number of people walking past 
a bin, the number of people 
walking past a bin per minute 
during observations in the 
four sampling periods and the 
total number of people using a 
bin (values are mean ± SD)

Observation period July 2020 September 2020 November 2020 February 2021

Observation hours 40.7 40.8 40 40
Average ambient temperature dur-

ing observations (°C)
30.2 ± 4.8 21.3 ± 5.9 13.4 ± 5.2 10.4 ± 3.3

Total time on bin (min) 38 99.5 63.5 128.5
Total time in bin (min) 10 40 22.5 49.4
Total number of food items 5 24 12 60
Trash bin filling (%) 46.2 ± 36.8 63.8 ± 33.3 42.8 ± 29.1 41.6 ± 26.4
Total number of people walking 

past bin per observation period
875 4585 2470 9765

People walking past bin/min 0.22 ± 0.23 0.96 ± 1.03 0.51 ± 0.57 1.16 ± 1.11
Total number of people using bin 19 42 26 70
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weather station (https:// www. wunde rgrou nd. com/ dashb 
oard/ pws/ KNCDU RHA275) situated on Duke West campus 
(36.007000, −78.93700), with a maximum distance from 
a study bin of 930 m. 

Squirrel abundance

Gray squirrels are readily detectable when moving slowly 
along a line transect (Healy and Welsh 1992). We con-
ducted surveys on six transects during July, September 
and November 2020, and in February 2021. We sampled 
three transects on Duke University West campus (one 
along Chapel Drive: C_C, one along Science Drive: C_S, 
one between Research Drive and Erwin Road: C_R), one 
in Duke Forest (F; Korstian Division), one in downtown 
Durham (DT; along Foster Street) and one in a cemetery 
(Maplewood Cemetery, CE; Fig. 4). The transects on Duke 
campus were close to each other (0.7–0.8 km, measured 
from the middle of one transect to the middle of the other 
transect). The study trash bins were at an average distance 
of 153 m to the C_C transect (measured at nearest point 
between bin and transect; min: 3 m; max: 310 m), 265 m 
to the C_S transect (min: 3 m; max: 650 m) and 448 m to 
the C_R transect (min: 270 m; max: 700 m). The distance 
between the transects on Duke campus to the transect in 
Duke Forest was 7.3 km, 3.3 km to the downtown transect 
and 1.1 km to the cemetery transect. The distance between 
the cemetery transect and the Duke Forest transect was 
8 km, 2.5 km between the cemetery transect the down-
town transect, and 10.5 km between the downtown transect 
and the Duke Forest transect. We chose these transects to 
determine squirrel population density across a range of 
urbanized and natural habitats. Average transect length was 
1212 m (± SD = 669 m). We followed established sidewalks 
or walking trails at each site, walking as straight as possi-
ble, and we did not revisit any portions of the transect. We 
walked each transect four times each during each period. 
In 2020, we walked each transect twice in the morning 
and twice in the afternoon, to match peak activity times 
of squirrels. In February 2021, we walked all transects 4 
times during midday (12:00–17:00) due to their unimodal 
pattern of activity in winter (Koprowski 1994). We did not 
walk transects on rainy days, and we walked a total distance 
of 93.2 km.

During each walk, we recorded the start and end time of 
the walk and number of squirrels and people observed along 
the transect. We also recorded the average ambient tempera-
ture during the walk using the weather station closest to each 
transect (using the same weather station for the 3 transects 
on Duke campus and 4 different stations in total; www. under 
ground. com). We calculated a relative abundance of squir-
rels (per ha) by dividing number of squirrels observed on a 
given transect by the sampling area for this transect.

Landscape analysis

We obtained two landscape metrics for each transect, the 
NDVI (normalized difference vegetation index; Pettorelli 
2013), and NDBI (normalized difference built-up index; Zha 
et al. 2003). NDVI is a commonly used and widely informa-
tive metric of natural resource availability and ecological 
integrity (Pettorelli 2013). In contrast, NDBI relies on the 
specific spectral reflectance characteristics of human-made 
materials such as concrete to indicate the level of urbaniza-
tion (Zha et al. 2003). We buffered each transect by two 
different buffer sizes. We used a 40 m radius based on the 
minimum reported adult home range size for gray squirrels 
of 0.5 ha (Doebel and McGinnes 1974), a buffer size previ-
ously used for the species (Engel et al. 2020). We also used a 
90 m radius based on more commonly observed home range 
sizes below 5 ha (Koprowski 1994). We extracted the mean 
of summer NDVI and NDBI.

We used Google Earth Engine (Gorelick et al. 2017) to 
process Sentinel-2, Level-1C snapshots taken between April 
01, 2020 and October 01, 2020 into NDVI and NDBI values, 
using band 8 (near infra-red; 835.1 or 833 nm) and band 4 
(red; 664.5 nm or 665 nm) to calculate NDVI, and band 11 
(short-wave infra-red 1613.7 nm or 1610.4 nm) and band 8 
to calculate NDBI, translating Zha et al.’s (2003) approach 
with LANDSAT snapshots for use with Sentinel 2 data. We 
further transformed the NDBI values in the range 0–1, with 
higher values indicating greater urbanization. The snapshots 
comprised of data from the individual satellites S2A and 
S2B, hence the minor differences in band wavelengths.

Statistical analyses

We conducted all analyses in R 4.0.5 (R Core Team 2021). 
Ambient temperature, the number of people walking past 
a bin, the number of people using a bin per observation, 
bin filling, and time squirrels spent on and inside a bin 
did not follow a normal distribution. Therefore, we used 
Kruskal–Wallis rank sum tests to examine if these variables 
differed between observation periods. Subsequently, we 
conducted pairwise comparisons using Wilcoxon rank sum 
tests to determine during which observation periods these 
variables differed. We corrected P values for multiple testing 
using the Holm method (Holm 1979). We used Pearson's 
product-moment correlations to assess if bin filling corre-
lated with the number of people walking past trash bins.

Trash bin usage

We used three different types of trash bin usage data: number 
of squirrels on a bin, number of squirrels inside a bin and 
number of squirrels that retrieved a food item per observa-
tion. All three types of data were zero-inflated count data, 

https://www.wunderground.com/dashboard/pws/KNCDURHA275
https://www.wunderground.com/dashboard/pws/KNCDURHA275
http://www.underground.com
http://www.underground.com
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and thus, we fitted zero-inflated generalized linear mixed 
models (GLMMs) using the function ‘glmmTMB’ from the 
R package glmmTMB (Brooks et al. 2017). We used the type 
of bin usage as response variable and included average ambi-
ent temperature during the observation, bin filling, number 
of people walking past the bin and whether the bin was in 
the sun or shade as explanatory variables. We included the 
natural log transformed duration (minutes) of each obser-
vation as an offset term to account for duration differences 
(mean ± SD = 66.6 ± 35.3 min). We included bin identity as 
a random effect. We derived variance inflation factors (VIFs) 
using the function ‘vif’ of the car package (Fox and Weis-
berg 2019), which did not indicate collinearity (all VIFs ≤ 2). 
We used the R package DHARMa (Hartig 2020) to assess 
model fit using the function ‘simulateResiduals’ and tested 
for overdispersion using the function ‘testDispersion’.

Retrieved food items

We used a Kruskal–Wallis rank sum test to examine if 
the number of food items retrieved during an observation 
differed between sampling periods, and subsequently, we 
conducted pairwise comparisons using Wilcoxon rank sum 
tests. We assessed whether there were differences in broad 
categories of food items (starchy foods [e.g., French fries, 
bread, pizza, pasta, rice, chips], meat and poultry, vegetable, 
fruit, sugar-sweetened beverage and non-food items) that 
squirrels retrieved from bins between observation periods 
using a Fisher’s Exact Test.

Squirrel abundance

The number of squirrels observed along a transect was 
zero-inflated count data, and thus, we fitted a zero-inflated 
GLMM using the function ‘glmmTMB’ from the R pack-
age glmmTMB (Brooks et al. 2017). We used the number 
of squirrels observed per transect walk as response variable 
and included transect ID, study period and average ambient 
temperature as explanatory variables. We included the natu-
ral log transformed duration (minutes) of each transect walk 
as an offset term to account for duration differences. We 
included observer identity as a random effect. To assess the 
effect of urbanized habitat on squirrel abundance, we fitted 
a second model, and included average ambient temperature, 
average NDBI of a transect, study period and an interaction 
between NDBI and study period as explanatory variables, 
and we used natural log transformed speed (distance walked 
per minute) as offset term and observer identity as a random 
effect. We did not include interaction terms because this 
resulted in convergence issues. VIFs did not indicate col-
linearity (all ≤ 2). We assessed model fit using the function 
‘simulateResiduals’ and tested for overdispersion using the 
function ‘testDispersion’.

Results

Average ambient temperature (Kruskal–Wallis χ2 = 232.48, 
df = 3, P < 0.0001), number of people walking past a bin per 
minute observation (χ2 = 122.42, df = 3, P < 0.0001), num-
ber of people using a bin per observation (χ2 = 63.37, df = 3, 
P < 0.0001), bin filling (χ2 = 29.71, df = 3, P < 0.0001), time 
squirrels spent on bins (χ2 = 13.78, df = 3, P = 0.003) and 
time squirrels spent inside bins (χ2 = 13.94, df = 3, P = 0.002) 
differed between observation periods (Table 1). All pair-
wise comparisons between the four observation periods 
were significant regarding ambient temperature and number 
of people walking past a bin (Pairwise comparisons using 
Wilcoxon rank sum test; all P < 0.0001). More people used 
bins per observation in September compared to November 
(P = 0.005) and more people used bins in February com-
pared to all other periods (all P < 0.0001). Bins were fuller 
in September compared to July (P = 0.022), November 
(P < 0.0001) and February (P < 0.0001; Table 1).

In all periods except July (during the first Covid-19 
lockdown in North Carolina, USA), the more people 
walked past a bin per minute of observation, the fuller 
bins were (Pearson's product-moment correlation: July: 
t = 0.30, df = 57, P = 0.764, r = 0.040; September: t = 4.89, 
df = 87, P < 0.0001, r = 0.465; November: t = 6.18, 
df = 81, P < 0.0001, r = 0.566; February: t = 8.46, df = 123, 
P < 0.0001, r = 0.606). Squirrels spent less time on bins in 
November (mean ± SD = 1.92 ± 2.49 min) compared to Feb-
ruary (4.41 ± 4.49 min; P = 0.003), but there were no dif-
ferences between the other periods (July: 2.52 ± 2.03 min; 
September: 2.73 ± 2.71 min). The duration squirrels spent 
inside bins was shorter in February (0.67 ± 0.35 min) com-
pared to September (0.98 ± 0.61 min; P = 0.002), but there 
were no other differences (July: 0.71 ± 0.43 min; November: 
0.75 ± 0.41 min).

Trash bin usage

The three types of trash bin usage were positively corre-
lated to each other (Pearson's product-moment correlations: 
number of squirrels that went on and inside a bin: t = 45.74, 
df = 177, P < 0.0001, r = 0.960; number of squirrels that 
went on a bin and number of food items retrieved: t = 25.33, 
df = 177, P < 0.0001, r = 0.885; number of squirrels that went 
inside a bin and number of food items retrieved: t = 34.56, 
df = 177, P < 0.0001, r = 0.933; Fig. 2).

Ambient temperature and bin filling had a negative effect 
on all three types of trash bin usage (Table 2). The more 
people walked past a bin, the more squirrels went on and 
inside a bin (Table 2), but the number of food items squirrels 
retrieved from bins was not related to the number of people 
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walking past bins (Table 2). Whether a bin was in the sun or 
in the shade did not affect trash bin usage (Table 2).

Retrieved food items

Squirrels retrieved and consumed a total of 101 food items 
during all four observation periods combined (Fig. 3). Squir-
rels retrieved 59.4% of food items during February and 5% 
in July (Fig. 3; Table 1). The number of food items retrieved 
differed between sampling periods (χ2 = 12.52, df = 3, 
P = 0.006). Squirrels retrieved more food items in February 
(mean ± SD = 1.74 ± 4.85 per observation) compared to July 
(0.11 ± 0.48 per observation; Pairwise comparisons using 

Wilcoxon rank sum test: P = 0.006), but there were no fur-
ther differences between observation periods (September: 
0.48 ± 1.15; November: 0.27 ± 1.08). The majority (76.2%) 
of retrieved food items were starchy foods (e.g., French fries, 
bread, pizza, pasta, rice, chips), 8.9% were vegetables (e.g., 
salad, tomato, cucumber), 7.9% were red meat and poultry 
(e.g., chicken, bacon), 3.0% were fruit (e.g., banana, grape), 
3.0% were non-food items (e.g., paper bag or napkin) and 
1.0% was a sugar-sweetened beverage, a soft drink, which 
the squirrel licked out of a plastic cup. Which food catego-
ries squirrels retrieved from bins did not differ between sam-
pling periods (Fisher's Exact Test: P = 0.079; Fig. 3).

Squirrel abundance

The six transects differed in NDVI (0.26-0.87) and NDBI 
(0.11–0.64; Table 3; Fig. 4). NDVI and NDBI were highly 
correlated at both the 40  m buffer (Pearson's product-
moment correlation: t = −  64.401, df = 22, P < 0.0001, 
r = −  0.997) and the 90  m buffer (t = −  80.01, df = 22, 
P < 0.0001, r = − 0.998). We observed a total of 294 squir-
rels across all transects and sampling periods (Table 3). 
Average relative squirrel abundance ranged from 0 to 
6.85 ind/ha (Table 3). The observation period with the most 
squirrel sightings was November 2020 with 95 individu-
als, followed by September 2020 with 87 individuals, July 
2020 with 79 squirrels and 33 squirrels in February 2021. 
The zero-inflated GLMM showed that the number of squir-
rels observed per time walked differed between transects 

Fig. 2  Seasonal changes in the number of eastern gray squirrels (Sci-
urus carolinensis) observed on and inside a trash bin, and the number 
of food items squirrels retrieved from trash bins

Table 2  Results of the zero-inflated generalized linear mixed models 
to test for an association between ambient temperature, whether a bin 
was in the sun or shade, number of people walking past a bin, bin fill-

ing and the number of eastern gray squirrels (Sciurus carolinensis) 
that went on a trash bin, inside a trash bin and the number of food 
items they retrieved from a trash bin

Ln-transformed duration (minutes) of each observation was used as an offset term and bin identity as a random effect. Factors in bold type indi-
cate significant predictors
σ2 = variance of the random effect ‘bin ID’; ICC = Intraclass coefficient of variation
The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and random effects into account

Predictors Squirrels on bin Squirrels in bin Number of food items

Estimate ± SE z P Estimate ± SE z P Estimate ± SE z P

Conditional model
(Intercept) − 2.68 ± 0.45 − 5.90 < 0.0001 − 3.24 ± 0.60 − 5.45 < 0.0001 − 2.99 ± 0.97 − 3.07 0.002
Temperature − 0.03 ± 0.01 − 3.79 0.0001 − 0.03 ± 0.01 − 2.93 0.003 − 0.07 ± 0.02 − 3.86 0.0001
Sun or shade[sun] − 0.24 ± 0.18 − 1.33 0.184 − 0.39 ± 0.27 − 1.43 0.152 − 0.60 ± 0.35 − 1.71 0.088
People 0.00 ± 0.00 3.95 0.0001 0.01 ± 0.00 4.13 < 0.0001 0.00 ± 0.00 0.27 0.789
Bin filling − 0.01 ± 0.00 − 4.18 < 0.0001 − 0.01 ± 0.00 − 2.66 0.008 − 0.01 ± 0.00 − 2.39 0.017
Zero-inflation model
(Intercept) − 0.45 ± 0.23 − 1.93 0.053 0.09 ± 0.25 0.37 0.711 − 0.36 ± 0.27 − 1.37 0.172
Random effects
σ2 0.89 1.44 2.45
ICC 0.47 0.47 0.59
Marginal R2/conditional R2 0.123/0.535 0.094/0.520 0.083/0.621
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(χ2 = 64.76, df = 5, P < 0.0001) and study periods (χ2 = 55.20, 
df = 3, P < 0.0001), whereas ambient temperature (χ2 = 1.40, 
df = 1, P = 0.238) had no influence. 

The number of squirrels observed per time walked at the 
cemetery transect was lower compared to all other transects 
(C_R: Estimate ± SE: 3.84 ± 0.54, z = 7.13, P < 0.0001; F: 
2.56 ± 0.52, z = 4.88, P < 0.0001, DT: 2.16 ± 0.54, z = 4.00, 
P < 0.0001; C_C: 2.74 ± 0.54, z = 5.03, P < 0.0001; C_S: 
2.98 ± 0.52, z = 5.68, P < 0.0001). The C_R transect on 
Duke campus had higher numbers of squirrels observed 
per time walked than most other transects (F: 1.28 ± 0.26, 
z = 4.91, P < 0.0001; DT: 1.68 ± 0.32, z = 5.21, P < 0.0001; 
C_C: 1.10 ± 0.29, z = 3.83, P < 0.0001; C_S: 0.86 ± 0.21, 
z = 4.16, P < 0.0001). There was also a difference between 
DT and C_S (0.82 ± 0.29, z = 2.83, P = 0.005). In February 
2021, fewer squirrels were observed per time walked com-
pared to all other periods (September 1.85 ± 0.28, z = 6.71, 
P < 0.0001; November: 1.87 ± 0.26, z = 7.11, P < 0.001; July: 
1.83 ± 0.41, z = 4.48, P < 0.0001; Table 3; Fig. 5).

The interaction between NDBI and study period 
(χ2 = 42.02, df = 3, P < 0.0001; Fig. 6) influenced the num-
ber of squirrels observed along a transect. The relationship 
between the number of squirrels observed and NDBI was 

negative in July and September, and positive in November 
and February (Fig.  6). Ambient temperature (χ2 = 0.70, 
df = 1, P = 0.404) did not influence the number of squirrels 
observed along a transect.

Discussion

Human food waste can be an important food subsidy for 
urban wildlife. Although we know that many species make 
use of this abundant and readily available resource, limited 
data are available on the extrinsic factors that influence when 
animals use these resources and which food items they are 
feeding on. Such knowledge would offer insights into the 
effects that human food waste consumption can have on 
animal behavior and health, and would contribute to our 
understanding of how human-wildlife coexistence can be 
improved (Plaza and Lambertucci 2017).

Trash bin usage

Trash bins were fuller during periods of high human pres-
ence and human presence positively influenced how many 
squirrels went on and inside a bin. Urban squirrels expe-
rience a reduced predation pressure and are less wary of 
humans compared to squirrels from rural habitats (Cooper 
et al. 2008; Parker and Nilon 2008; Bateman and Fleming 
2014; Engel et al. 2020). Decreased wariness may explain 
why a higher level of disturbance, via high human pres-
ence at trash bins, did not have a negative effect on trash bin 
usage. Our results indicate that ambient temperature and bin 
filling negatively influence all three types of trash bin usage. 
When ambient temperatures increased, less squirrels were 
observed on and inside trash bins and they retrieved less 
food items. Squirrels are usually less active during periods 
of the day with high ambient temperatures (Skibiel et al. 
2002; Parker et al. 2014), likely explaining the negative rela-
tionship between temperature and trash bin usage. Another 
explanation for this finding might be that squirrels likely 
have a lower requirement for high caloric food when ambi-
ent temperatures are high (i.e., summer), due to decreased 
energy requirements for thermoregulatory heat production 

Fig. 3  Number of food items and food types that eastern gray squir-
rels (Sciurus carolinensis) retrieved from trash bins during the four 
different observation periods. Food types are ordered by total num-
ber of observations in descending order (Significant differences 
between observation periods are illustrated (*p ≤ 0.05; **p ≤ 0.01, 
***p ≤ 0.001)

Table 3  Overview of 
differences between transects 
in NDVI and NDBI (calculated 
from the 40 m buffer), total 
number of squirrels observed 
and the relative squirrel 
abundance during each study 
period (values are mean ± SD)

Transect NDVI NDBI Squirrels Squirrel abundance (individuals/ha)

July’20 Sept’20 Nov’20 Feb’21

Duke Forest (F) 0.87 0.11 102 2.12 ± 0.83 2.07 ± 0.61 0.78 ± 0.35 0.31 ± 0.36
Cemetery (CE) 0.58 0.39 5 0.24 ± 0.47 0.24 ± 0.47 0.12 ± 0.24 0
Duke Chapel Drive (C_C) 0.53 0.41 28 2.62 ± 1.21 1.81 ± 1.38 1.21 ± 1.04 0
Duke Science Drive (C_S) 0.45 0.47 65 2.34 ± 1.91 1.45 ± 1.52 2.79 ± 2.23 0.67 ± 0.58
Duke Research Drive (C_R) 0.30 0.62 61 0 2.42 ± 2.08 6.85 ± 2.03 3.02 ± 2.74
Downtown Durham (DT) 0.26 0.64 33 0.17 ± 0.34 0.95 ± 0.33 1.21 ± 0.60 0.52 ± 0.45
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to maintain body temperature at high ambient temperatures 
(Heldmaier et al. 1990). In addition, it is also possible that 
squirrels consumed less anthropogenic food items at high 
ambient temperatures because food items, such as red meat, 

poultry and starchy foods, spoil faster at high temperatures 
compared to cooler temperatures. One limitation of this 
study is that we did not examine food composition or directly 
measure food availability inside trash bins, instead we used 
trash bin filling as a proxy for food availability. However, 
trash inside bins did not solely consist of food items, but also 

Fig. 4  (A) Location of the study transects (a–f) in the Durham area. 
NDBI values are reflected in the coloration, light coloration (yel-
low) indicates rural areas with a low NDBI and dark coloration (red 
to purple) indicates urban areas with a high NDBI. The lower panels 

show boxplots, with median values as well as 1st and 3rd quartiles, 
for the 40 m and the 90 m buffer around the transects (a = cemetery; 
b = C_C, c = C_R, d = C_S, e = Durham downtown, f = Duke Forest)

Fig. 5  Changes in eastern gray squirrels (Sciurus carolinensis) abun-
dance (individuals/ ha) from July 2020 to February 2021. Data points 
indicate squirrel abundance determined during each of the four walks 
of each transect in each of the four sampling periods. The white circle 
shows the average value and the bars show the 95% CI. The bar on 
the right side depicts the mean NDVI of the 6 transects and transects 
are ordered from the highest NDVI (transect forest) to the one with 
the lowest index (transect downtown; F = Duke Forest; CE = cem-
etery; C_C, C_S and C_R = transects on Duke campus; DT = Durham 
downtown)

Fig. 6  The interaction effect of NDBI, a measure of urbanization, and 
study period on the number of eastern gray squirrels (Sciurus caro-
linensis) observed along six transects. Model estimates (lines) and 
confidence bands (shaded areas) for the fitted values based on stand-
ard errors computed from the covariance matrix of the fitted regres-
sion coefficients are shown. Colors indicate the different transects 
(F = Duke Forest; CE = cemetery; C_C, C_S and C_R = transects on 
Duke campus; DT = Durham downtown)
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consisted of inedible trash such as cardboard, newspaper, 
plastic containers and foam packaging. Moreover, very full 
bins could hinder a squirrel’s ability to locate and access 
food items, potentially explaining the negative relationship 
between bin filling and all types of trash bin usage.

We found that squirrels consume more anthropogenic 
food items during the coldest period of our study (here 
February), likely because natural food availability is low-
est and they rely on fat reserves and stored food items in 
winter (Koprowski 1994; Pereira et al. 2002). Similarly, 
rooks (Corvus frugilegus), grizzly bears (Ursus arctos), 
Malayan sun bears (Helarctos malayanus) and wolves 
(Canis lupus) rely more heavily on human food waste 
when natural food availability is low (Meriggi and Lovarit 
1996; Te Wong et al. 2004; Peirce and Van Daele 2006; 
Olea and Baglione 2008). Foraging and food caching 
peaks in fall, and they accumulate fat stores in preparation 
for winter (Koprowski 1994; Spritzer 2002). Thus, it is 
likely that squirrels spent a large proportion of their time 
storing food items in November, resulting in less retrieved 
food items in the late fall. Similar to wildlife that adjusts 
caloric intake between seasons, people show an increased 
intake of total calories, especially carbohydrates, in the 
fall (de Castro 1991) and favor food items they deem high 
in calories when exposed to winter cues (Folwarczny 
et al. 2022). Although this finding does not seem to be 
universal and some studies find no seasonal differences 
in the intake of energy, food groups and macronutrients in 
people (Bernstein et al. 2016). Thus, if the eating habitats 
of trash bin users changed between seasons, it is conceiv-
able that the composition of anthropogenic food items 
in trash bins also varied between seasons (e.g., higher 
availability of calorically dense items in fall and winter), 
likely making bins especially attractive to squirrels in the 
winter.

Squirrels retrieved a diverse array of food items from 
trash bins, including starchy foods (e.g., bread, fries, 
pasta; 76%), vegetables (9%), red meat and poultry (8%), 
and fruit (3%). Gray squirrels living in forest habitats also 
have a diverse diet and consume fruit, small vertebrates, 
bird eggs and hatchlings (Koprowski 1994). In urban hab-
itats, they are also known to raid gardens, bird feeders 
and composts (Hansen et al. 2020). Therefore, their con-
sumption of meat, fruit and vegetable is not surprising, 
and other urban mammals are also known to have a more 
diverse diet compared to rural populations (Murray et al. 
2015a). Carbohydrates are an important source of energy 
(Jéquier 1994) and thus, consumption of calorically dense 
foods, such as starchy foods, may sustain populations dur-
ing winter when they rely on stored food and fat reserves. 
We observed several cases of aggression and chasing 
between squirrels, where one individual actively defended 
access to a trash bin against others squirrels (pers. obs.), 

indicating that trash bins resemble an important food 
source for them. Similarly, other species experience high 
aggression rates or competition at trash bins (Plaza and 
Lambertucci 2017). One limitation of our study is that we 
were unable to distinguish between individuals that vis-
ited trash bins and consumed anthropogenic food items. 
Thus, we cannot rule out that individuals visited trash 
bins repeatedly. Our study provides first insights into the 
importance of anthropogenic food waste and trash for 
squirrels. Long-term effects, for example regarding body 
condition, health and population trends are not well stud-
ied (Oro et al. 2013; Plaza and Lambertucci 2017), and 
should be a focus for future studies. Trash bins and dump-
sters could potentially also negatively affect or harm indi-
viduals, for example by exposing animals to contact with 
potentially hazardous items such as plastic (Katlam et al. 
2018). We observed squirrels that opened plastic bags and 
foam packaging to access food items and that licked plas-
tic food wrapping (pers. obs.), a behavior that could result 
in the ingestion of the packaging and wrapping material. 
Ingestion of plastic has been reported for several species, 
but physiological impacts of plastic ingestion, especially 
for mammals (Plaza and Lambertucci 2017; Puskic et al. 
2020) are not well studied.

Preventing wildlife from accessing trash bins, and 
anthropogenic food and wrapping items inside bins, may 
be a low-cost and easy to implement conservation measure 
which could help control the population of gray squir-
rels for example in the UK and northern Italy, where gray 
squirrels are invasive and displace the native Eurasian red 
squirrel (Sciurus vulgaris) (Okubo et al. 1989; Gurnell 
et al. 2004). Restricting access to trash bins could be one 
way to reduce the success of invasive gray squirrels in 
urban habitats, especially since they are more terrestrial 
than red squirrels (Kenward and Holm 1989), and thus 
may be more likely to descend to trash bins during forag-
ing. Gray squirrels often occur at high population densities 
(Hein 1997; Engel et al. 2020), but it is currently unclear 
whether this is caused by the consumption of anthropo-
genic food resources which then results in increased repro-
ductive success or increased survival rates. In fact, urban 
gray squirrels show differences in health parameters from 
rural squirrels which could reflect physiological stress in 
urban individuals (Schmidt et al. 2022).

Changes in squirrel abundance

Gray squirrel population densities are often higher in 
urban habitats compared to rural habitats (Hein 1997; 
Parker and Nilon 2008; Engel et al. 2020), and anthro-
pogenic food sources have been suggested as the main 
reason for elevated abundances (Bowers and Breland 
1996; Parker and Nilon 2008; Bonnington et al. 2014). 
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Here we did not determine availability of natural and 
anthropogenic food items along the transects, but instead 
determined NDBI as a measure of urbanization and we 
assumed that more urbanized transects would also offer 
more anthropogenic food items. Our results show that 
relative squirrel abundance differed between transects 
and study periods. Overall, squirrel abundance was low-
est at the cemetery (0.00–0.24 squirrels/ha), the transect 
with the second lowest NDBI value. Only one side of 
the transect had trees while the other sides consisted of 
grassland and graves. Gray squirrels are known to avoid 
open grassy areas (Tounzen et al. 2012), likely explaining 
low abundances observed at this transect. Similarly, low 
squirrel abundance (1–9 squirrels/ha) have been reported 
in cemeteries in St. Louis, Missouri (Engel et al. 2020). 
Squirrel abundance was also relatively low at the most 
urban transect, downtown Durham (0.17–1.21 squirrels/
ha). In all periods but in November, squirrel abundance 
in Duke Forest (0.31–2.12 squirrels/ha) was higher than 
abundances at the downtown Durham transect. The tran-
sect in Duke Forest had the densest vegetation, and thus, 
it is possible that we underestimated abundances com-
pared to the other more open transects. However, pop-
ulation densities around or below 3/ha have previously 
been reported in forest habitats (Barkalow et al. 1970; 
Healy and Welsh 1992). Squirrel abundances in the for-
est habitat were lowest in February, when there was lit-
tle foliage in the forest and visibility was greatest. We 
noted the highest squirrel abundances in the transects on 
Duke campus (0.00–6.85 squirrels/ha), although variation 
existed between transects and study periods. A previous 
study reported comparable abundances (4.7 squirrels/ha) 
at another urban university campus (Hein 1997). Squirrel 
abundances changed between study periods and changes 
differed between transects. For example, squirrel abun-
dance decreased throughout the study along the forest and 
cemetery transects but increased until November in several 
urban transects and then decreased in February (the period 
of highest consumption of anthropogenic food items), the 
period with the lowest ambient temperatures. The changes 
throughout the study period likely reflect changes in the 
activity of squirrels which are busy foraging and caching 
food the fall and are less active in the winter (Koprowski 
1994). Trash bins are unevenly distributed in space and 
resemble clumped food resources which can offer high 
caloric food items and can attract several squirrels simul-
taneously (we observed up to 8 squirrels simultaneously at 
a close distance to a single trash bin). Thus, it may be that 
in February the squirrels on the urban transects did not 
evenly distribute in space, but rather showed a clumped 
distribution pattern, resulting in lower observations along 
these transects. However, this is rather speculative and 

should be tested, for example, using telemetry or GPS log-
gers fitted on squirrels to track changes in their movements 
and space use, especially around trash bins.

The relationship between the number of squirrels 
observed and NDBI was negative in July and September, 
but positive in November and February. Thus, during the 
two warmer study periods, more squirrels were observed in 
less urbanized areas (e.g., Duke Forest) with a low NDBI, 
whereas during the two colder study periods, more squirrels 
were observed in the urban areas with a high NDBI. This 
result suggests that winter conditions may be less challeng-
ing in urban areas compared to more rural areas. This may 
be due, to some extent, to the ‘urban heat island effect’, 
where air temperatures are higher in urban compared to 
surrounding areas (Imhoff et al. 2010), allowing animals, 
especially small bodied species, to remain active for pro-
longed periods in winter. For example, gray squirrels start 
foraging earlier in the day in areas with high impervious 
surface cover (i.e., urban areas) compared to in areas with 
low impervious surface cover (Larson and Sander 2022), 
potentially because of warmer ambient temperatures caused 
by impervious surfaces which would reduce some of the 
metabolic costs associated with activity at low ambient 
temperatures. Moreover, anthropogenic food sources are 
readily available in urban habitats (Oro et al. 2013; Plaza 
and Lambertucci 2017), and access to these resources has 
generally been reported to positively affect body condition 
via increases in body mass (Andrzejewski et al. 1978; Otali 
and Gilchrist 2004; Schulte-Hostedde et al. 2018). Thus, 
urban gray squirrels may be less energy limited during the 
cold period compared to rural squirrels, allowing them to 
remain more active during the colder study periods. Some 
small mammals also show higher winter survival rates in 
urban habitats compared to natural habitats, likely due to 
a combination of several factors such as increased ambi-
ent temperatures, high availability of anthropogenic food 
sources and reduced predation rates from natural preda-
tors (Andrzejewski et  al. 1978; Babińska-Werka et  al. 
1981; McCleery 2009; Rosatte et al. 2010; Rodewald et al. 
2011; Eötvös et al. 2018). Our bin observations showed 
that indeed, squirrels consumed more anthropogenic food 
items during the coldest period of our study. Anthropogenic 
food sources are known to reduce starvation and positively 
influence abundances and survival of wildlife, particularly 
during the winter (Brittingham and Temple 1988; Robb 
et al. 2008; Plaza and Lambertucci 2017; Szala et al. 2020). 
Alternatively, squirrels in urban habitats may not be able to 
store sufficient food sources in preparation for winter and 
therefore, may need to actively search for food throughout 
winter. However, we did not observe any obviously sick or 
malnourished squirrels during the study.
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