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Wildlife must either adjust to these rapid environmen-
tal changes and human-modified habitats, or experience 
severe population declines and, ultimately, local extinction. 
In urban areas, high local extinction rates of native plant 
and animal species have been observed (McKinney 2002; 
Marzluff 2005). While some animal species are absent from 
urban environments, other species reproduce successfully 
and occur at high population densities in anthropogenically 
modified habitats (Ives et al. 2016; Parsons et al. 2018). 
Despite the apparent success of urban wildlife, living in 
close proximity to humans and in intensely modified urban 
habitats often results in behavioral changes, altered activ-
ity patterns and abnormal diets (Ditchkoff et al. 2006; Tuo-
mainen and Candolin 2011; Lowry et al. 2013; Sol et al. 
2013; Gaynor et al. 2018). These alterations can have both 
positive and negative effects on reproduction and survival 
of animal species (Bowers and Breland 1996; Ditchkoff et 
al. 2006; Strasser and Heath 2013; Capilla-Lasheras et al. 
2017; Gaynor et al. 2018).

Urban habitats differ in many aspects from natural and/
or undeveloped rural habitats, exposing urban populations 
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Abstract
Urban wildlife faces unique physiological and behavioral challenges compared to conspecifics which live in less altered 
natural habitats. Animals in urban habitats are also exposed to urban stressors and commonly make use of inappropriate 
food sources from trash bins and dumpsters, which may affect their heath status. The goals of this study were to evaluate 
overall health of an urban population of eastern gray squirrels (Sciurus carolinensis) and to assess seasonal changes in 
several health parameters. Squirrels (N = 45) were trapped in Durham, North Carolina, USA and briefly anesthetized with 
inhalant anesthetic for physical examination, body mass collection, and venipuncture via the femoral vein. Collected blood 
was analyzed for several health parameters via hematology and biochemistry analyses including assessment of lipids and 
kidney and liver values. Physical examinations were clinically unremarkable and similar across seasons. Females had 
higher cholesterol values and lower creatinine values compared to males. Seasonal differences occurred in few parameters 
and were detected only between summer and either fall or spring. Potassium and monocytes were higher in summer com-
pared to spring, and creatinine, BUN and monocytes were higher in summer compared to fall. Overall, health parameters 
of urban eastern gray squirrels fell within published reference ranges for the species. Together, these results suggest that 
urban squirrels in this study population can maintain good health in an anthropogenic habitat.
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to habitat-specific challenges, also termed ‘urban stressors’. 
Urban stressors include air, chemical and noise pollution, 
artificial light at night, infectious diseases, vehicle traffic 
and human disturbance (Fernández-Juricic 2002; Dowding 
et al. 2010; Isaksson 2015; Berger et al. 2020; Chatelain 
et al. 2021). Additionally, dietary quality of natural food 
sources in urban areas can be altered and urban populations 
of many taxa consume anthropogenic food sources, which 
can have both positive and negative health outcomes (Oro 
et al. 2013; Isaksson 2015; Plaza and Lambertucci 2017; 
Coogan et al. 2018; Alberti et al. 2020).

Given these alterations in urban habitats, it is likely 
that urban populations face different physiological and 
behavioral challenges compared to their rural conspecifics 
(Birnie-Gauvin et al. 2016), and exposure to urban stress-
ors may alter the physiology and health of urban popula-
tions (Murray et al. 2019; Isaksson and Bonier 2020). 
For example, a meta-analysis determined that exposure to 
anthropogenic pollution (such as sulfur-dioxide, organic 
pollutants, ozone, and heavy metals) increases oxidative 
stress in terrestrial animals, which can cause tissue damage 
linked to disease and senescence (Isaksson 2010). Addition-
ally, urban and rural populations of many species differ in 
regards to their immune response (Moore and Siopes 2000; 
Bedrosian et al. 2011; Capilla-Lasheras et al. 2017; Neto 
et al. 2020), gut microbiome (Stothart et al. 2019; Maraci 
et al. 2022) and stress response (reviewed in: Bonier 2012; 
Pérez-Ortega and Hendry 2023; but see Iglesias-Carrasco et 
al. 2020). Birds often have a reduced reproductive success 
in urban habitats (Strasser and Heath 2013; Sumasgutner et 
al. 2014; Capilla-Lasheras et al. 2017; Seress et al. 2020), 
which has been linked to poorer nutrition in these environ-
ments (Plummer et al. 2013; Seress et al. 2020). Conversely, 
access to high-calorie, high-fat anthropogenic food sources 
can positively affect body condition of birds, which might 
potentially offset other negative effects of urbanization 
(Auman et al. 2008; Wilcoxen et al. 2015; Townsend et al. 
2019). For example, anthropogenic food supplementation 
of Florida Scrub-Jays (Aphelocoma coerulescens) leads to 
earlier onset of breeding and increased reproductive output 
(Schoech and Bowman 2003; Schoech et al. 2008). That 
said, to date, nutritional ecology of urban mammals and its 
influence on health are still poorly understood.

In mammals, access to human food sources and waste 
has been reported to increase body mass (reviewed in: Plaza 
and Lambertucci 2017) and to positively affect reproduc-
tive success, in the form of increased litter size, offspring 
survival and higher population densities (Eley et al. 1989; 
Beck 2002; Beckmann and Berger 2003; Prange et al. 2004; 
Finkler et al. 2011). Anthropogenic food sources often have 
an altered fatty acid composition, a higher fat and carbohy-
drate content than natural food sources, and consumption 

of anthropogenic food can result in an increased intake of 
sugar and an altered intake of dietary protein, antioxidants 
and vitamins (Murray et al. 2015; Andersson et al. 2018; 
Schulte-Hostedde et al. 2018; Wist et al. 2022). Due to the 
different dietary quality of anthropogenic food, its con-
sumption can result in (potentially unhealthy) weight gain, 
increased body fat percentage, reduced cardiometabolic 
health and increased mortality (Altmann et al. 1993; Cypher 
and Frost 1999; Banks et al. 2003; Otali and Gilchrist 2004; 
Soto-Calderón et al. 2016; Hillman et al. 2017; Schulte-
Hostedde et al. 2018). To date, data on health parameters 
are available for only a restricted number of urban mam-
mal populations and results regarding differences in these 
parameters are ambiguous.

The eastern gray squirrel (Sciurus carolinensis) is a 
medium-sized (300–710 g) tree squirrel native throughout 
eastern North America (Koprowski 1994) that has been suc-
cessfully introduced to Europe and South Africa (Benson 
2013). Mating occurs December – February and again May 
– July, and young are born February – March and June – 
August (Koprowski 1994). Gray squirrels do not hibernate, 
but rely on fat stores and food caches while overwinter-
ing (Koprowski 1994). They are commonly found in both 
deciduous forests and anthropogenic environments, such as 
parks and residential areas (Benson 2013). In urban habi-
tats, gray squirrels are often found in high densities (Hein 
1997; Parker and Nilon 2008; Benson 2013; Engel et al. 
2020; Rimbach et al. 2023). They frequently descend to the 
ground to forage and make use of backyard food resources, 
bird feeders, trash bins, and dumpsters (Hansen et al. 2020; 
Rimbach et al. 2023). Urban squirrels have lower giving-
up densities, the density of resources in a patch at which 
foraging stops, than squirrels living in more natural areas, 
suggesting that urban individuals experience higher food 
limitation and/or lower perceived predation risk (Bowers 
and Breland 1996).

As an altered diet may impact the overall health of squir-
rels, investigation of the impact of urbanization and access 
to anthropogenic food sources on health parameters is 
warranted. Commonly assessed health parameters include 
physical examination, body composition assessments, and 
blood and fecal sample analyses (Kophamel et al. 2022). 
Hematological, serum protein parameters and biochemi-
cal analysis are useful tools to assess and monitor health 
and to detect disease in a wide range of species (Thrall et 
al. 2012). For example, in water voles (Arvicola terrestris) 
certain hematological parameters (e.g., low hemoglobin 
and erythrocyte concentrations) are associated with poor 
survival (Mathews et al. 2006). Similarly, multiple health 
parameters, particularly markers of inflammation, are pre-
dictive of bottlenose dolphin (Tursiops truncatus) survival 
(Schwacke et al. 2024). At least one study has evaluated the 
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health status of urban versus rural (forest) gray squirrels in 
North America (Canada). In that study, body mass and a 
variety of blood analytes were compared between the two 
populations. Results indicated that urban squirrels did not 
differ in body mass from rural squirrels, but compared to 
rural squirrels (N = 9), urban individuals (N = 6) had lower 
concentrations of electrolytes (i.e., potassium, phosphorus, 
chloride) and higher blood glucose concentrations (Schmidt 
et al. 2022). These results suggest that urban squirrels are 
exposed to greater exogenous stressors or that they ingest an 
increased amount of dietary sugar in urban habitats. These 
population differences (albeit small sample sizes) suggest 
that urban squirrels may be in a poorer physiological con-
dition and, thus, investigation of this phenomenon in other 
urban squirrel populations is warranted.

The goals of the current study were to evaluate the over-
all health of an urban population of gray squirrels and to 
assess seasonal changes in health parameters. In this study, 
we assessed squirrel health via several health parameters: 
full physical examination, body mass, and biochemical and 
hematologic parameters including assessment of blood lipids 
and kidney and liver values. Gray squirrels typically show 
seasonal fattening in preparation for winter (Koprowski 
1994; Koprowski et al. 2016). Thus, we predicted that body 
mass would increase from summer to fall and then decrease 
from fall until spring. We expected squirrels to follow the 
winter-summer hematic cycle reported from other rodents, 
with lowest levels in spring, recovering values during sum-
mer and fall and highest values in winter (Sealander 1962; 
Mira and Mathias 1994; Beldomenico et al. 2008; Katiukhin 
et al. 2023). Squirrels at the study site consume anthropo-
genic food sources from trash bins (Rimbach et al. 2023). 
Thus, we hypothesized that serum biochemistry, blood cell 
counts, blood lipids and liver values of these urban squirrels 
would differ from values reported from rural squirrels.

Materials and methods

Study sites

We trapped squirrels in June – July 2020 (summer), Octo-
ber 2020 (fall), January 2021 (winter; no blood collection) 

and March 2021 (spring; Table 1). We trapped squirrels at 
an urban site on Duke University West campus (36.0026 N, 
78.9408 W), Durham, North Carolina, USA (Fig. 1). Duke 
West campus (2.9 km2) contains a heterogenous mixture 
of buildings, sparsely treed grass lawns and several small 
forested areas interspersed with walking trails. The forested 
areas contain several species of oak, maple, hickory, and 
pine, offering natural food sources to the squirrel popula-
tion. Duke West campus contains the majority of student 
housing and the campus population comprised ~ 16,780 stu-
dents in 2021. Thus, Duke West campus is an ideal place 
to study urban squirrels because these animals will likely 
encounter humans on a daily basis and they have constant 
access to anthropogenic food sources from trash bins and 
dumpsters (Rimbach et al. 2023).

Blood sample collection

We captured squirrels using Tomahawk Model 102 traps 
(Tomahawk Live Trap Co., WI, USA) baited with peanut 
butter and unshelled peanuts. We trapped squirrels between 
7:00 and 13:00 and checked traps at 45–60 min intervals. 
We transferred squirrels from traps into an induction cham-
ber and anesthetized them using inhaled isoflurane (Isoflu-
rane USP, Piramal Enterprises Limited, Telangana, India) in 
100% oxygen. Anesthesia was maintained with isoflurane 
via facemask and administered to effect throughout the 
duration of the procedure. Squirrels were monitored (heart 
rate, respiratory rate, anesthetic depth) throughout the dura-
tion of the anesthetic episode. Individuals were weighed 
using a spring scale (Pesola, Switzerland), and age (juvenile 
or adult) and sex were recorded. We determined age class 
by using a combination of body mass, tooth wear and fur 
condition. We included both adult and juvenile squirrels of 
both sexes in this study. Visibly pregnant females were not 
anesthetized to avoid potential negative effects of anesthe-
sia to the female and her fetuses. For males, we recorded 
whether they were scrotal (testes descended) or not (tes-
tes in the abdominal cavity), and for females, we recorded 
whether nipples were visible or not. A single suspected 
pregnant female was included in the study because it was 
not possible to visually determine her suspected pregnancy 

Table 1  Number of adult and juvenile blood samples and body mass measurements, separated by sex, collected from urban eastern gray squirrels 
(Sciurus carolinensis) in Durham, NC, USA

Blood sample Body mass
Female (adult: juvenile) Male (adult: juvenile) Female (adult: juvenile) Male (adult: juvenile)

Summer 2020 4:1 16:2 5:2 24:7
Fall 2020 6:4 4:1 12:4 7:3
Winter 2020/21 NA NA 3:2 1:3
Spring 2021 4:0 3:0 8:0 6:0
TOTAL 14:5 23:3 28:8 38:13
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counted the number of white blood cells in 10 high power 
fields in different areas of the slide. We used the mean num-
ber of WBCs/field and multiplied this mean by 1,000 to cal-
culate the number of cells 109/L. Average (± SD) PCV in 
adult squirrels was 44.3 ± 4.1 (range = 37–55) and in juve-
nile squirrels 39.8 ± 2.9 (range = 35–44). Thus, none of the 
individuals was considered anemic and we did not correct 
for PCV during the calculation of the estimated WBC count. 
For the differential WBC counts, we examined smears in 
a systematic pattern, scanning from side to side within the 
monolayer area of the slide and counting until a cumulative 
number of 100 cells was reached. White blood cells were 
classified according to morphological and staining char-
acteristics as lymphocyte, neutrophil, eosinophil, basophil 
or monocyte. Percentages of individual white blood cells 
were then converted into absolute numbers by reference 
to the total WBC count using the following formula: abso-
lute number WBC (109 cells/L) = (% of white blood cells 
counted x total WBC)/ 100. All leukocyte count determina-
tions were performed by one observer (Jörg Jäger) without 
knowledge of sex, age or date that the samples were col-
lected. All smears were inspected once, and then a random 
sample, which represented one quarter of the number of 
smears inspected, was selected to repeat the procedure.

In addition, we obtained blood lactate concentrations 
using a point-of-care lactate meter (Nova Biomedical, 
Waltham, MA 02454, USA) immediately following blood 

prior to anesthesia. Every anesthetized squirrel received a 
full physical examination by a board-certified zoo veterinar-
ian (OAP).

Venipuncture was performed from the femoral vein using 
a 25 gauge needle and 1 mL syringe or a 31 gauge needle 
and a 0.5 mL insulin syringe, and 0.5–0.7 mL (max. of 1 
mL) of blood was collected. An abbreviated biochemical 
panel was performed in the field within 10  min of veni-
puncture using a VetScan i-STAT 1 point-of-care analyzer 
(Abbott Point of Care, Princeton, New Jersey, USA) with 
approximately 100  µl of heparinized whole blood loaded 
into a CHEM8 + cartridge (Abaxis North America, Union 
City, NJ, USA). This cartridge measures electrolytes (chlo-
ride, sodium, potassium), blood chemistry (ionized cal-
cium, blood urea nitrogen [BUN], creatinine, glucose), acid 
base (total carbon dioxide [TCO2], anion gap) and certain 
hematologic parameters (hematocrit and hemoglobin). This 
method has previously been used on juvenile gray squirrels 
(Ratliff et al. 2019) to establish reference intervals. We also 
prepared two fresh whole blood smears immediately before 
placing the whole blood into heparinized microtainers (BD, 
Franklin Lakes, NJ, USA). These blood smears were stained 
at the College of Veterinary Medicine using a Wright-
Giemsa stain for subsequent analysis which included a man-
ual estimated white blood cell (WBC) count and a manual 
differential (% of each WBC type) for each animal using a 
100x oil immersion lens. For the estimated WBC count, we 

Fig. 1  Locations of trapping areas (indicated by yellow stars) on Duke University West campus, Durham, North Carolina, USA. (source: Google 
Earth, image from March 2021)
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lymphocytes, monocytes, neutrophil: lymphocyte [N: L] 
ratio), we included the analyte as response variable and 
season (summer, fall or spring), sex, and age category as 
explanatory variables, and body mass as control variable. 
We used time of day (at removal from trap) as a random fac-
tor in LMMs. We tested for one-way interactions between 
the fixed effect season and sex, age, and body mass, and 
determined the contribution of interaction terms using like-
lihood ratio tests (LRT) by comparing the model with the 
interaction term to the model without. We excluded interac-
tion terms if the explanatory power of the model was not 
improved by the inclusion of the interaction, based on the 
LRT (Pinheiro and Bates 2000). For all models, we checked 
that model assumptions were met using the ‘performance’ 
package (Lüdecke et al. 2021). Prior to analysis, we log-
transformed variables or used the square-root (as appropri-
ate) to fulfill model assumptions of normally distributed 
residuals. We used the ‘emmeans’ package (Lenth et al. 
2023) for pairwise contrast between seasons with P-value 
adjustment via the Tukey method. We plotted variation in 
parameters using the ‘ggplot2’ package (Wickham 2016) 
and a color palette from the ‘ggsci’ package (Xiao 2023).

We used two principal component analyses (PCA) to 
assess and visualize seasonal groupings. We standardized 
(centered and scaled) all variables. We included biochemical 
and blood lipid variables in one PCA: glucose, cholesterol, 
triglycerides, sodium, potassium and BUN (N = 40 indi-
viduals). In the second PCA, we included variables related 
to hematology: PCV, estimated WBC count, neutrophils, 
eosinophils, basophils, lymphocytes, monocytes and N: L 
ratio (N = 43 individuals). We performed PCAs using the 
function ‘prcomp’ from the ‘stats’ package (R Core Team 
2023). We retained two PCA components from each PCA 
based on the Kaiser–Guttman criterion (eigenvalues > 1) 
(Jackson 1993) and scree plots. Subsequently, to assess if 
seasonal differences occurred along these components, we 
used one LM per component and included season, age cat-
egory and sex as explanatory variables. We visualized sea-
sonal difference using the ‘factoextra’ package (Kassambara 
and Mundt 2020).

Results

In total, we collected 45 blood samples and 87 body 
mass measurements between July 2020 and March 2021 
(Table 1). No anesthetic complications were noted, and all 
squirrels recovered uneventfully from anesthesia. Physical 
examination in all animals was within clinically acceptable 
limits with no major abnormalities detected.

Adults (mean ± SD = 539 ± 51 g) were heavier than juve-
niles (338 ± 70  g; Fig.  2a). Neither adults nor juveniles 

collection. Packed cell volume (PCV) and total solids, the 
latter measured using a refractometer (REC-200ATC, Gain 
Express Holdings Ltd, Hong Kong), were determined from 
heparinized whole blood samples within 3–5 h of sample 
collection. Animals were part of a population that had been 
previously trapped and tagged as part of a prior study (body 
mass measurements, but no anesthesia or blood collection; 
Rimbach et al. 2022), and the prior body mass measurements 
of these individuals were included in this study for the anal-
ysis of seasonal variation of body mass. All squirrels were 
scanned for the presence of a passive integrated transponder 
(Avid2024, Avid Identification Systems Inc., Norco, CA, 
USA), which would signify recapture (only 5 out of the 45 
study squirrels had been trapped and tagged previously). If 
undetected, a transponder was placed subcutaneously in the 
dorsal interscapular region after blood collection. Following 
all procedures, squirrels were removed from inhalant anes-
thetic exposure, placed in an enclosed carrier, and monitored 
closely until they were standing, coordinated, and exhibit-
ing normal behaviors following anesthetic recovery; at this 
point, they were released close to their capture site. The 
remaining heparinized whole blood samples were stored on 
ice-packs and centrifuged for 10 min at 1500 x g to separate 
the plasma within 3–5 h after sample acquisition. Follow-
ing centrifugation, we immediately transferred the plasma 
samples into polypropylene tubes using a Pasteur pipette. 
Plasma samples were then frozen (-80 °C) until analysis of 
blood lipids (cholesterol and triglycerides) and a marker 
of liver health (aspartate aminotransferase [AST]) using 
a Beckman DxC 600 clinical analyzer (Beckman Coulter, 
Brea, California) at the Duke Metabolic Phenotyping Insti-
tute, Durham, NC, USA.

Statistical analysis

We analyzed all data in R v.4.2.3 (R Core Team 2023). We 
used linear mixed models (LMMs) or linear models (in 
cases when LMMs could not be used due to a singular fit 
of the model or non-convergence) to assess differences in 
body mass and all blood analytes between seasons, sex, and 
age categories. For the body mass analysis, we included 
body mass as the response variable and season (summer, 
fall, winter or spring), age category and sex as explanatory 
variables, and date of measurement as random factor. We 
separated adults and juveniles for the body mass analysis for 
two reasons: the model returned a singular fit when using 
the entire dataset (adults and juveniles) and because adult, 
but no juveniles, were trapped in spring.

For all other analytes (chloride, sodium, potassium, 
ionized calcium, TCO2, BUN, creatinine, glucose, anion 
gap, cholesterol, triglycerides, AST, lactate, PCV, hemo-
globin, WBC count, neutrophils, eosinophils, basophils, 
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Fig. 2  Violin plots of body mass, glucose, lipids (cholesterol and 
triglycerides), electrolytes, creatinine, blood urea nitrogen (BUN), 
aspartate aminotransferase (AST), and anion gap of urban eastern gray 
squirrels (Sciurus carolinensis) sampled in Durham, NC, USA. Values 
for adults and juveniles are combined for each plot, except for body 
mass (a), potassium (g), chloride (h) and creatinine (i), where adults 
had higher values than juveniles. The shaded area represents the kernel 

density plot, filled black circles show median values, error bars show 
the interquartile range, and points represent individual values. Note the 
truncated y-axis in (f + h). Published minimum and maximum ranges 
for gray squirrels are displayed as green horizontal lines (Guthrie et 
al. 1966; Hoff et al. 1976a, b; Ratliff et al. 2019; Stothart et al. 2019; 
Schmidt et al. 2022)
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(Fig.  2a; Table  2). Few parameters varied between sea-
sons. Potassium levels were higher in summer compared 
to spring, and creatinine levels and BUN were higher in 
summer compared to fall (Fig. 2; Table 2). Few parameters 
varied between sexes; females had higher cholesterol and 

showed sex differences in body mass (Table  2). There 
were no seasonal differences in adult body mass (Fig. 2a; 
Table 2). In juveniles, there was a trend that body mass was 
higher in winter (410 ± 20 g) compared to fall (308 ± 63 g; 
Fig.  2a), but there were no other seasonal differences 

Table 2  Results of linear mixed models (LMMs) and linear models (LMs) testing for age-, sex- and season-related changes in body mass, blood 
lipids, blood chemistry, electrolytes, AST and lactate of urban eastern gray squirrels (Sciurus carolinensis) from Durham, NC, USA
Model type Response variable Predictor Estimate (CI) P Marginal R2 / Conditional R2

LMM Body mass (g) -adults Sex[male] -9.0 (34.5–16.6) 0.484 0.219 / 0.253
Season all ≥ 0.10

LMM Body mass (g) - juveniles Sex[male] 7.2 (-50.57–64.89) 0.795 0.368/ 0.558
Fall vs. winter 132.5 (-264–17.2) 0.079
Other seasonal comparisons all ≥ 0.15

LMM Glucose (mmol/ L) Sex[male] -0.01 (-0.13–0.12) 0.890 0.061/ 0.527
Age[juvenile] 0.09 (-0.15–0.34) 0.443
Season all ≥ 0.89

LM Cholesterol (mmol/ L) Sex[male] -0.21 (-0.36 – -0.05) 0.011
Age[juvenile] -0.14 (-0.47–0.20) 0.417
Season all ≥ 0.28

LM Triglycerides (mmol/ L) Sex[male] 0.03 (-0.52–0.58) 0.911
Age[juvenile] 0.26 (-0.90–1.42) 0.651
Season all ≥ 0.70

LM Ionized CA (mmol/ L) Sex[male] -0.01 (-0.06–0.03) 0.557
Age[juvenile] 0.05 (-0.04–0.14) 0.264
Season all ≥ 0.51

LM Sodium (mmol/ L) Sex[male] 0.00 (-0.01–0.02) 0.741
Age[juvenile] 0.02 (-0.05–0.01) 0.182
Season all ≥ 0.28

LMM Potassium (mmol/ L) Sex[male] -0.02 (-0.11–0.06) 0.542 0.318/ 0.890
Age[juvenile] -0.17 (-0.32 – -0.01) 0.036
Spring vs. summer -0.19 (-0.32 – -0.05) 0.006
Other seasonal comparisons all ≥ 0.099

LMM Chloride (mmol/ L) Sex[male] 0.00 (-0.02–0.02) 0.989 0.281/ 0.302
Age[juvenile] -0.06 (-0.10 – -0.02) 0.007
Season all ≥ 0.77

LM Creatinine (mmol/ L) Sex[male] -0.19 (-0.35 – -0.02) 0.029
Age[juvenile] -0.46 (-0.79 – -0.14) 0.007
Summer vs. fall -0.28 (-0.50 – -0.05) 0.015
Other seasonal comparisons all ≥ 0.40

LM BUN
(mmol/ L)

Sex[male] -0.33 (-0.79–0.13) 0.151
Age[juvenile] -0.06 (-0.95–0.84) 0.899
Summer vs. fall -0.82 (-1.45 – -0.190) 0.0083
Other seasonal comparisons all ≥ 0.32

LM AST (IU/L) Sex[male] 0.02 (-0.31–0.34) 0. 0.915
Age[juvenile] 0.08 (-0.63–0.79) 0.825
Season all ≥ 0.56

LMM Anion gap (mmol/ L) Sex[male] -0.02 (-0.18–0.15) 0.853 0.144 / 0.673
Age[juvenile] -0.03 (-0.35–0.29) 0.831
Season all ≥ 0.10

LM Lactate Sex[male] -0.17 (-0.56–0.21) 0.371
Age[juvenile] -1.07 (-1.86 – -0.28) 0.009
Season all ≥ 0.87

LM TCO2 (mmol/ L) Sex[male] -0.00 (-3.11–3.11) 1.00
Age[juvenile] 3.63 (-2.49–9.75) 0.237
Season all ≥ 0.15
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to juveniles (Table 3). There were no sex, age or seasonal 
differences in N: L ratio, estimated WBC count, number of 
basophils, eosinophils, neutrophils, or lymphocytes (Fig. 3; 
Table 3).

Principal components analysis (PCA)

Together, PC1 and PC2 of the PCA using biochemical and 
blood lipid parameters explained 51.4% of the variation in 
variables, and PC1 and PC2 of the PCA using hematological 
parameters explained 63.4% of variation (Table S3, Table 

lower creatinine values than males (Fig. 2; Table 2). Adults 
had higher values of potassium, chloride, creatinine and 
lactate compared to juveniles (Fig. 2; Table 2). There were 
no sex, age or seasonal differences in glucose, triglycerides, 
ionized calcium, sodium, AST, anion gap or TCO2 (Fig. 2; 
Table 2; Table S1).

Number of monocytes was higher in summer compared 
to fall and spring (Fig. 3f; Table 3). Other parameters did not 
vary between seasons. Hemoglobin and PCV were higher 
in adults compared to juveniles (Fig. 3a + b). There was a 
trend towards adults having more eosinophils compared 

Fig. 3  Violin plots of hematologic analytes of urban eastern gray squir-
rels (Sciurus carolinensis) sampled in Durham, NC, USA. Shaded areas 
represent kernel density plot, filled black circles show median values, 
error bars show the interquartile range, and points represent individual 
values. Values for adults and juveniles are combined for each plot, 

except for hemoglobin (a), packed cell volume (b) and eosinophils 
(e). Published minimum and maximum ranges for gray squirrels are 
displayed as horizontal lines (Guthrie et al. 1966; Hoff et al. 1976a, b; 
Ratliff et al. 2019; Stothart et al. 2019; Schmidt et al. 2022)

 

1 3

2012



Urban Ecosystems (2024) 27:2005–2020

measured in this study fell within published reference ranges 
for the species (Figs. 2 and 3, Table S5). We detected sea-
sonal differences in few health parameters, i.e., body mass 
(juveniles only), potassium, BUN, creatinine and mono-
cytes. Apart from body mass changes, all observed sea-
sonal differences occurred between summer and other study 
periods. These results, together with largely unremarkable 
physical examinations, suggest that urban squirrels in this 
study population can maintain good health in an anthropo-
genic habitat with exposure to human activities and access 
to anthropogenic food.

Seasonal changes in health parameters

Overall, we observed seasonal differences in few health 
parameters. During late summer and fall, gray squirrels typ-
ically show a period of fattening in preparation for winter 
(Koprowski 1994; Koprowski et al. 2016). Juveniles in our 
study were heavier in winter compared to fall, likely due 
to continued growth, maturation and fattening. In contrast, 
adults did not show seasonal changes in body mass and thus, 
we found no evidence of a body mass gain prior to winter. 

S4). In the first PCA, PC1 represented blood lipids and 
BUN (driven by a positive contribution of cholesterol and 
BUN and a negative contribution of triglycerides) and PC2 
loaded positively on sodium and negatively on glucose. PC1 
values differed between summer and fall (Estimate = -1.53, 
CI = -2.74 – -0.33, P = 0.010; Fig. 4a), and there were no 
other seasonal differences (summer vs. spring: Estimate = 
-1.20, CI = -2.53–0.13, P = 0.085; fall vs. spring: Estimate 
= -0.33, CI = -1.79–1.12, P = 0.841). There were no sea-
sonal differences in PC2 (all P ≥ 0.36; Fig. 4a). In the sec-
ond PCA, PC1 loaded positively on estimated WBC count, 
lymphocytes and basophils, and PC2 loaded positively on 
N: L ratio and neutrophils. There were no seasonal differ-
ences in PC1 (all P ≥ 0.14; Fig. 4b) and PC2 (all P ≥ 0.61; 
Fig. 4b).

Discussion

The general patterns of our results suggest that the urban 
habitat in which the current study was conducted is rela-
tively benign for gray squirrels. Overall, health parameters 

Table 3  Results of linear mixed models (LMMs) and linear models (LMs) testing for age-, sex- and season-related changes in hematologic analytes 
of urban eastern gray squirrels (Sciurus carolinensis) from Durham, NC, USA
Model type Response variable Predictor Estimate (CI) P Marginal R2 / Conditional R2

LM PCV (%) Sex[male] 0.02 (-0.05–0.08) 0.613
Age[juvenile] -0.20 (-0.33 – -0.08) 0.002
Season all ≥ 0.21

LM Hemoglobin (g/ L) Sex[male] 0.05 (-0.02–0.12) 0.135
Age[juvenile] -0.25 (-0.38 – -0.11) 0.001
Season all ≥ 0.52

LMM N: L ratio Sex[male] 0.00 (-0.64–0.64) 0.997 0.096 / 0.403
Age[juvenile] 0.21 (-1.10–1.51) 0.748
Season all ≥ 0.58

LM White blood cells (109 cells/L) Sex[male] 0.66 (-1.40–2.73) 0.521
Age[juvenile] 0.72 (-4.93–3.50) 0.734
Season all ≥ 0.31

LM Neutrophils
(109 cells/L)

Sex[male] 0.36 (-0.79–1.50) 0.533
Age[juvenile] -0.69 (-3.03–1.65) 0.553
Season all ≥ 0.57

LMM Monocytes
(109 cells/L)

Sex[male] 0.03 (-0.14–0.19) 0.763 0.417/ 0.601
Age[juvenile] 0.17 (-0.18–0.51) 0.332
Summer vs. fall -0.41 (-0.64 – -0.18) 0.003
Summer vs. spring -0.37 (-0.65 – -0.09) 0.007

LM Lymphocytes
(109 cells/L)

Sex[male] 0.09 (-0.30–0.49) 0.627
Age[juvenile] -0.22 (-1.02–0.58) 0.578
Season all ≥ 0.80

LM Basophils
(109 cells/L)

Sex[male] 0.03 (-0.15–0.21) 0.725
Age[juvenile] 0.23 (-0.13–0.60) 0.202
Season all ≥ 0.31

LM Eosinophils
(109 cells/L)

Sex[male] 0.03 (-0.14–0.20) 0.731
Age[juvenile] -0.35 (-0.70–0.00) 0.051
Season all ≥ 0.69
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maps of the principal components showed large overlap 
between seasons (Fig. 4). This overlap reiterates the results 
of the other analysis, further highlighting little seasonal vari-
ation in health parameters in the studied squirrel population.

Males had higher hemoglobin levels than females, as 
has been reported previously in the species (Guthrie et al. 
1966). In many rodents, red blood cell indices (hematocrit, 
hemoglobin) are highest in winter, lowest in spring and 
recover during summer and fall (Mira and Mathias 1994; 
Beldomenico et al. 2008; Katiukhin et al. 2023). Elevated 
hematocrit and hemoglobin levels in winter likely reflect 
higher metabolic activity (Sealander 1962; Rosenmann and 
Ruiz 1993). However, hematic cycles of other rodents dif-
fer from this general pattern (Pérez-Suárez et al. 1990) or 
are absent altogether (Puchalski and Heldmaier 1986). We 
did not observe seasonal changes in red blood cell indices. 
Total energy expenditure of gray squirrels does not vary 
seasonally (Bryce et al. 2001), indicating that energetic 
requirements may not vary between seasons. This may be 
especially true in Durham (NC), where winters are cold-to 
mild with little snowfall. In addition, the ‘urban heat island 
effect’ may be buffering urban squirrels from cold tempera-
tures in winter and thus, further eliminate the need for sea-
sonal hematological adjustments to ambient temperature.

The number of monocytes was higher in summer com-
pared to both fall and spring. Monocytes are part of the 
innate immune system and elevated numbers in summer 
may indicate a higher occurrence of infection or inflamma-
tion. We observed a total of three wounds on trapped squir-
rels and two were identified on squirrels trapped in summer 
(i.e., one male with a partially amputated tail, presumably 
due to previous trauma and a female with an acute wound 
on her head). Several individuals sampled in summer had 

It is possible that seasonal fluctuations of natural food avail-
ability are buffered by supplementary (anthropogenic) food 
resources available in urban habitats. Anthropogenic food, 
in the form of food waste, is readily available at the study 
site and is consumed most often in winter (Rimbach et al. 
2023). Thus, urban gray squirrels may be less energy lim-
ited during the cold months compared to squirrels without 
access to these resources, allowing them to maintain their 
body mass throughout winter. Constant access to food 
resources is further indicated by the lack of seasonal varia-
tion in blood glucose levels because food shortages would 
lead to decreased blood glucose levels (Schradin et al. 2015; 
Rimbach et al. 2017). Higher air temperatures in urban com-
pared to surrounding areas, termed ‘urban heat island effect’ 
(Imhoff et al. 2010), may further contribute to a relaxation of 
energetic constraints. This is because warmer ambient tem-
peratures caused by impervious surfaces can reduce some of 
the metabolic costs associated with activity at low ambient 
temperatures. Squirrels had higher potassium and BUN lev-
els in summer compared to spring or fall, respectively, but 
both parameters fell near the lower limit of published val-
ues for gray squirrels. These seasonal changes likely reflect 
seasonal changes in ingested food sources. Creatinine levels 
were higher in summer compared to fall. As elevations in 
creatinine can indicate hemoconcentration and/or dehydra-
tion, these results suggest that squirrels may have been less 
hydrated in summer. Dehydration may also explain higher 
BUN levels in summer compared to fall. These results likely 
stem from high ambient temperatures during the summer 
sampling period and are unlikely to be clinically significant. 
We detected seasonal differences along the first component 
(representing blood lipids and BUN) of the PCA using bio-
chemical and blood lipid parameters. However, the factor 

Fig. 4  Individual factor maps of the principal components retained 
from two principal component analyses (PCAs): (a) PCA using bio-
chemical and blood lipid parameters (N = 40), and (b) PCA using 
hematological parameters (N = 43) of urban eastern gray squirrels 

(Sciurus carolinensis). Filled circles represent individual squirrels 
sampled in different seasons and the three large filled circles represent 
seasonal means
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have been reported in yellow baboons (Papio cynocepha-
lus) feeding regularly on trash dumps (Banks et al. 2003). 
Similarly, racoons (Procyon lotor) with high access to food 
waste develop hyperglycemia (Schulte-Hostedde et al. 
2018). Reference intervals are variable depending on the 
animals used for the establishment (e.g., with respect to sex, 
age, body mass, health status), environment/location, sea-
sonality, methods of sample collection and analyses, and the 
establishment of reference values is time- and labor-inten-
sive (Friedrichs et al. 2012), and often reference intervals 
are not readily available for wildlife. Thus, comparisons 
of blood parameters between different studies, even those 
conducted on the same study species, should be drawn with 
caution, especially when different methodologies for blood 
collection and analysis were used.

Squirrels on Duke West campus consume anthropogenic 
food items from trash bins, mainly starchy foods such as 
French fries, pizza and bread, but also cookies (Rimbach 
et al. 2023). Access to anthropogenic food sources is often 
linked to increased body mass in many mammals (Cypher 
and Frost 1999; Banks et al. 2003; Otali and Gilchrist 2004; 
Hillman et al. 2017; Schulte-Hostedde et al. 2018). In con-
trast, body mass of urban gray squirrels and Eurasian red 
squirrels (S. vulgaris) is lower (Beliniak et al. 2022) or 
comparable to that of rural conspecifics (Shimamoto et al. 
2020; Schmidt et al. 2022; Wist et al. 2022). The consump-
tion of high-fat anthropogenic food, either in the form of 
food waste or unsuitable supplemental food, can result in 
elevated cholesterol and/or triglyceride levels in wildlife 
(Gavett and Wakeley 1986; Cypher and Frost 1999; Banks 
et al. 2003; Soto-Calderón et al. 2016; Monzón-Argüello 
et al. 2018; Castillo-Contreras et al. 2021). While an ade-
quate supply of these blood lipids is critical to physiologi-
cal functioning, excess concentrations are associated with 
decreased cardiometabolic health in humans and laboratory 
animals (Yuan et al. 1997; Tabas 2002; McMillen and Rob-
inson 2005; Nordestgaard and Varbo 2014). For example, 
mourning doves (Zenaida macroura) showed impaired 
cardiovascular function after receiving an urban diet (50% 
anthropogenic foods) for four weeks, even in the absence of 
changes in body mass, blood glucose, insulin and triglycer-
ide concentration (Basile et al. 2021). However, few studies 
have assessed effects of elevated blood lipid concentra-
tions on cardiometabolic health and survival in wildlife. In 
this study, urban squirrels showed cholesterol and triglyc-
eride concentrations comparable to other studies (Guthrie 
et al. 1966; Hoff et al. 1976b; Schmidt et al. 2022; Table 
S5). Although we detected elevated blood glucose levels in 
urban squirrels, we found no evidence that these elevated 
blood glucose levels were costly or indicative of other signs 
of poor cardiometabolic health (for example, in the form 
of obesity or elevated blood lipids). Gray squirrels rely on 

monocyte numbers that were higher than reported in refer-
ence values (Fig. 3). While possible that these individuals 
had an underlying source of inflammation or infection, no 
other health parameter or the finding of the physical exami-
nation lends support to this explanation. Alternatively, 
increased number of monocytes (monocytosis) is often seen 
with a stress response and thus, may have resulted from cap-
ture, brief manual restraint, and anesthesia of squirrels. In 
addition, manual WBC counts are less accurate and more 
variable than WBC counts conducted via automated ana-
lyzers. Thus, it is possible that these more extreme values 
are due to misidentifications of WBCs during manual counts 
rather than reflecting responses to infection or inflammation.

Squirrels in urban habitats

Urban squirrels examined in this study maintained com-
parable blood glucose levels across seasons, and they had 
higher blood glucose levels compared to levels reported 
from both urban and rural squirrels in other studies (summa-
rized in Table S5). The acute stress response to capture and 
handling can result in hyperglycemia (Sapolsky et al. 2000; 
Fletcher and Boonstra 2006; Bosson et al. 2012). Capture 
methods varied between studies summarized in Table S5 
and included both capture with and without anesthesia, 
anesthesia using different anesthetics (inhalant vs. injected) 
and with and without the use of premedication (i.e., anx-
iolytic medications like midazolam). Moreover, glucose 
levels were determined after blood collection within very 
variable time windows (e.g., within 10 min after collection, 
in serum or plasma within 12 h of capture). Squirrels from a 
forest habitat (Korstian Division of Duke Forest (35.9810 N, 
79.0168 W), Chapel Hill, NC, USA), captured (December 
2020), handled and anesthetized using the same methodol-
ogy and by the same researchers had lower blood glucose 
levels (average ± SD = 7.13 ± 1.50 mmol/L; N = 11; unpubl. 
data) compared to the urban squirrels at Duke University 
campus (9.98 ± 1.68 mmol/L; N = 43). Therefore, stress 
due to capture and/or technique is unlikely to be the single 
explanation for the high blood glucose levels observed in 
this study. Elevated blood glucose levels have previously 
also been reported in wildlife that received food provision-
ing (Knapp et al. 2013) and in species with access to anthro-
pogenic food (Banks et al. 2003; Schulte-Hostedde et al. 
2018; Gadau et al. 2019). Urban Eurasian red squirrels (Sci-
urus vulgaris) incorporate higher proportions of non-natural 
food items in their diet and have a higher sugar intake than 
rural conspecifics (Wist et al. 2022). In humans and some 
animal species, increased sugar consumption is linked to 
several diseases and dysfunctions such as diabetes, obesity 
and cardiovascular diseases (Malik et al. 2010; Johnson 
et al. 2013). For example, obesity and insulin resistance 
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study, we also found no differences in physiological stress, 
measured via hair cortisol concentration, a long-term indi-
cator of circulating glucocorticoids, between squirrels from 
urban and rural habitats in the study area (Rimbach et al. 
2022). It is conceivable that seriously ill individuals are less 
likely to enter traps because they suffer a higher predation 
risk or because they are weaker and less active (Genovart et 
al. 2010). Conversely, sick animals may not be able to for-
age normally and thus, may be more likely to enter a baited 
trap. But to date, it is unknown whether habitat differences 
exist regarding the ‘trap happiness’ of sick individuals. 
Taken together, our results suggest that urban habitats are 
relatively benign and do not cause severe adverse physi-
ological responses in urban gray squirrels.
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fat stores and food caches during winter (Koprowski 1994), 
and thus may have evolved mechanisms regulating body 
mass (and body fat) which reduce the risk of developing 
cardiometabolic diseases. These results suggest that poten-
tial dietary differences between urban and rural habitats do 
not (negatively) affect gray squirrel cardiometabolic health.

An anthropogenic diet can increase protein intake and 
result in elevated BUN and uric acid (Gavett and Wakeley 
1986; Knapp et al. 2013; Monzón-Argüello et al. 2018). 
However, BUN concentrations reported in this study fell 
within published reference levels (Table S5). Urban squir-
rels consume meat and poultry from trash bins (Rimbach et 
al. 2023), but rural squirrels are also known to ingest protein 
in the form of small vertebrates, bird eggs and hatchlings 
(Koprowski 1994). This may indicate that urban gray squir-
rels and squirrels inhabiting less disturbed natural habitats 
ingest similar amounts of protein, albeit from different 
sources, similarly to Eurasian red squirrels (Wist et al. 2022). 
Electrolyte concentrations and blood chemistry parameters 
fell within published reference values for the species (Fig. 2; 
Table S5). Squirrels had potassium and AST levels near or 
below the lower limit of published reference values (Fig. 2; 
Table S5). Low potassium concentrations have also been 
reported in other species that consume anthropogenic food 
and in other urban squirrels (Knapp et al. 2013; Schmidt et 
al. 2022). Some squirrels had sodium levels above the maxi-
mum reported reference values (Ratliff et al. 2019; Schmidt 
et al. 2022). High sodium and low potassium levels occur 
in many humans and these electrolyte alterations have been 
linked to hypertension (Meneely and Battarbee 1976). It is 
unclear if changes in electrolyte concentrations in wildlife 
are reflective of similar health effects.

Low red blood cell counts are indicative of anemia 
whereas high red blood cell counts can indicate hemo-
concentration (dehydration). Red blood cell indices (PCV, 
hemoglobin) of squirrels in this study fell within published 
reference values (Guthrie et al. 1966; Hoff et al. 1976a; 
Ratliff et al. 2019). Physical examinations were clinically 
unremarkable across seasons. We observed wounds on 
three squirrels: one male with an abscess on his scrotum, 
one male with a partially amputated tail (presumably due 
to previous trauma) and a female with an acute wound on 
her head. A recent study determined that urban squirrels are 
4.5 times more likely to have a healed fracture compared 
to rural individuals (Moncrief et al. 2022), indicating that 
injuries are more common in urban squirrels. Our results did 
not show elevated N: L ratio or elevated estimated or differ-
ential white blood cell counts in urban squirrels compared to 
other studies (Table S5). We would have expected squirrels 
to have elevated levels in all three parameters if they suf-
fer from infection or are under elevated physiological stress 
(Davis et al. 2008; Johnstone et al. 2012). In a previous 
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