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how design and management can transform contemporary 
cities from ecological deficits to natural refugia for biodi-
versity with benefits for both non-human and human resi-
dents (Lewis et al. 2019; Fidino et al. 2021; Folke et al. 
2021; Vega and Kueffer 2021).

One approach for increasing biodiversity in cities is 
through the protection and enhancement of green infrastruc-
ture, defined as “all natural, semi-natural and artificial net-
works of multifunctional ecological systems within, around 
and between urban areas” (Tzoulas et al. 2007). Numerous 
recent studies have explored how quantity, structure, con-
nectedness, and other aspects of green infrastructure can 
provide ecosystem services (Ahern 2013; Lovell and Taylor 
2013; Cheng et al. 2015; Pamukcu-Albers et al. 2021; Wang 
et al. 2021). Given the extensive densification occurring in 
many cities (Liu et al. 2020), there is increasing emphasis 
on increasing the ecological value of this infrastructure 
(Vega and Kueffer 2021).

Introduction

Over half of the global human population currently lives 
in cities, and an additional 2.5 billion urban residents are 
predicted by 2050 (UN Desa 2018). This rapid increase in 
urbanization has significant impacts on ecosystems – urban-
ized areas produce more human-associated carbon emis-
sions than any other source, and urbanization is considered 
the most irreversible form of human-driven land use change 
(Alberti et al. 2017; Elmqvist et al. 2019). As non-urban 
areas (including grasslands, forests, and other habitats) are 
increasingly transformed into agriculture fields or other 
developed landscape, more emphasis is being placed on 
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Abstract
Predicted rapid increases in urbanization in the face of accelerating biodiversity loss underscores the need for urban devel-
opment that promotes, rather than displaces, native plants and animals. One approach for increasing urban biodiversity is 
through the development of “green infrastructure”. Although research has explored urban-rural gradients and the overall 
value of urban green infrastructure, few studies have investigated the habitat value for wildlife of different types of urban 
greenspace. Here, we use a well-established metric in ecology, giving up-densities (GUDs), to compare foraging costs 
for a common urban wildlife species, the eastern gray squirrel (Sciurus carolinensis), among three green infrastructure 
categories: municipal parks, college campuses, and residential yards. We found that GUDs for gray squirrels did not dif-
fer significantly among location categories after controlling for proximity to roads, but proximity to roads was associated 
with significantly higher GUDs in all locations. In an explicit test, we also found that both proximity to roads and traffic 
volume were associated with higher GUDs. We also found that maximum distance from roads was significantly higher 
for campuses and parks than for residential yards, indicating a greater proportion of the area of campuses and parks is 
“away from roads” compared to residential yards. Our results indicate that vehicle traffic may contribute significantly to 
an “urban landscape of fear” for gray squirrels and suggest that campus and park configurations that reduce road effects 
could improve habitat quality for squirrels and possibly other animals.
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One potentially important existing source of green infra-
structure is higher education campuses. College campuses 
can cover a significant amount of space in urban areas. For 
example, in Minneapolis-St. Paul MN (the focal location of 
the current study, hereafter “the Twin Cities”), campuses of 
the 15 main higher education institutions cover ~ 1946 hect-
ares, which is 41% of the combined area covered by parks in 
the Minneapolis and St. Paul Parks systems (4782 hectares; 
Table S1). This result is especially notable given that Min-
neapolis and St. Paul Parks systems are consistently some 
of the highest rated in the US in part because of their extent 
(www.tpl.org/parkscore; other evaluation factors are invest-
ment, amenities, access, and equity). College campuses in 
urban areas often include green space ranging from mani-
cured courtyards and tree-lined walkways to forest patches. 
Colleges often foreground these green spaces in efforts to 
recruit and retain students (Hajrasouliha and Ewing 2016). 
In addition, objective and perceived greenness on college 
campuses is associated with higher quality of life metrics 
(Gulwadi et al. 2019; Holt et al. 2019), an important pre-
cursor to learning and overall well-being (Yildirim et al. 
2013). This connection between ecological conditions and 
educational goals, coupled with the significant space foot-
print of college campuses in urban areas, creates the poten-
tial for campuses to serve as important tools in developing 
urban areas as biological refugia. Additional research on the 
impact of the ecological features of college campuses could 
thus have broader conservation value.

In this study, we employ a widely used ecological tech-
nique, giving-up densities (GUDs), to help assess the quality 
of urban greenspace for wildlife. The GUD technique typi-
cally involves using feeding trays that create diminishing 
returns from foraging to estimate the density of resources in 
foraging patches at which a forager will cease foraging (or 
“give up”). If foragers behave optimally, resource gain to 
the forager at this GUD will equal marginal foraging costs, 
which are a function of energy and material demands of for-
aging, predation risk, and missed opportunity costs associ-
ated with foraging (Brown 1988). The GUD technique thus 
provides a relatively simple but powerful way to assess how 
foragers perceive habitat quality (Brown 1992). In the last 
few decades, this technique has been used in hundreds of 
studies on a wide range of animals (e.g., Kotler et al. 1991; 
Brown 1999; Kay 2002; Brown and Kotler 2004; Verdolin 
2006; Shochat et al. 2010; Abu Baker et al. 2021) including 
recently to assess urban features on small mammal foraging 
(Fardell et al. 2021).

We assess GUDs for the eastern gray squirrel, Sciurus 
carolinensis, in the Twin Cities, MN, USA. The eastern gray 
squirrel is one of most common wildlife species in Min-
nesota and is abundant in urban and suburban areas in the 
state (www.dnr.state.mn.us). Gray squirrels have acclimated 

to urban environments in the US over the past ~ 150 years 
and have rapidly extended their geographic range in part 
because of the development of urban park systems (Benson 
2013). Peplinski and Brown (2020) found that gray squir-
rels are also common on college campuses, being reported 
on 62% of 536 campuses in Canada and the United States 
included in their survey. The Twin Cities is an ideal location 
for the study given the prevalence of urban parks and col-
lege campuses and the presence of the MSP Urban Long-
Term Ecological Research program.

In this two-part study, we first assess whether GUDs dif-
fer among three types of green infrastructure and then test 
explicitly how a key feature of green infrastructure, proxim-
ity to roads, influences GUDs. Roads have been a focus for 
decades of research on how human activities impact wild-
life (Forman and Alexander 1998; Muñoz et al. 2015). Main 
negative impacts of roads include habitat fragmentation and 
direct mortality due to collision (Smith-Patten and Patten 
2008; Jackson and Fahrig 2011). Much less is known about 
impacts of roads on risks perceived by foragers, particularly 
in urban environments (but see e.g., Brunton et al. 2018, 
Amburgey et al. 2021, Silva et al. 2022). However, due 
to the prevalence of roads and vehicles in US cities, road 
effects may have significant impacts on urban habitat value 
for many animals.

Methods

Study site

In part 1 of the study, we used seeds trays to assess squir-
rel GUDs in three locations: college campuses, municipal 
parks, and residential yards. For college campuses, we 
sought permission to sample from 9 colleges or universi-
ties located in St. Paul or Minneapolis and received posi-
tive responses from Grounds Department managers or 
other administrators at 6 of them: University of St. Thomas, 
Macalester College, Hamline University, Minneapolis Col-
lege of Art and Design, St Catherine University, and Metro-
politan State University. For parks, we obtained permission 
from the Minneapolis and St. Paul Parks and Recreation 
Departments, and then selected 7 parks that were compa-
rable in size to the college campuses used in the survey. All 
campuses and parks were surrounded by residential areas. 
For residential yards, we recruited households using a sur-
vey distributed through social media that asked whether 
they were willing to allow foraging trays to be placed in 
their yard during daylight hours. Forty-nine households 
responded, and 48 were included in the survey.
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In part 2 of the study, we assessed the effect of road prox-
imity on squirrel GUDs on one college campus in St. Paul 
(University of St. Thomas).

Study species

Eastern gray squirrels are common in urban areas in Min-
nesota, both in parks and residential yards. They are diurnal 
foragers and eat a wide range of nuts, seeds, and human 
refuse. They have several predators, including domestic cats 
and dogs. Squirrels are considered “nuisance animals” in 
Minnesota by statute and can be removed without a license 
in most areas (https://www.dnr.state.mn.us/livingwith_
wildlife/taking.html). They are also common in roadkill 
surveys (Smith-Patten and Patten 2008), suggesting roads 
pose a significant mortality threat for them.

GUD technique

We used artificial food patches (hereafter = trays) to assess 
GUDs. Each tray consisted of an aluminum pie pan (23 cm 
diameter, 2  cm depth) filled with 8.25  g sunflower seeds 
(~ 200 seeds) mixed thoroughly into ~ 0.5 L of playground 
sand. We deployed trays between 0630 and 0800 and col-
lected them between 1830 and 2000 on days without pre-
cipitation during July and August 2021. After collecting, we 
sifted trays, hand counted remaining seeds, and then back-
transformed seed number to mass in grams. All experiments 
involved indirect feeding of free-ranging animals; no ani-
mal welfare issues arose.

Experimental design

In part 1, we tested whether GUDs differed among locations 
(parks, campuses, and residential yards) both near and away 
from roads. For each of 7 parks and 6 campuses, we placed 
3 trays along each road that borders the site (as many as 12 
road trays total per place) and 10 trays within the interior 
of the site (=”away from road”). For the near-road tray, we 
placed one tray 2.5 m from the road, at least 5 m from the 
nearest tree trunk, and at least 10 m from another tray. If there 
was a sidewalk exactly 2.5 m from the road, we placed the 
tray 0.5 m from the interior edge of the sidewalk. For away-
from-road trays, we divided all areas of the property without 
permanent structures (including parking lots) into 8 areas 
of equal size and then randomly assigned trays to areas. We 
deployed trays to each campus or park on two different days 
(6 road + 5 away-from-road trays on each day) with deploy-
ments at the same site separated by at least 3 days. For each 

of 48 residential yards, we deployed two trays, one near the 
road and one in the interior of the yard, on different days. We 
deployed near-road trays in yards as described for parks and 
campuses, above. For the away-from-road residential tray, 
we divided yards (all areas of a property without permanent 
structures) into quadrats and randomly selected one quadrat 
for deployment. We then set the tray haphazardly within the 
selected quadrat, at least 5  m away from tree trunks, and 
at least 2 m away from any permanent structure. For these 
away-from-road residential trays, we made no attempt to 
control for whether houses or other structures were between 
trays and the road. We randomized the order of tray deploy-
ment (road vs. away from road) separately for each home 
and waited at least 3 days between deployments at the same 
home. For all trays, we placed a small sign ~ 0.5 m away to 
discourage human interference. On each sampling date, we 
placed a total of 6 motion-sensitive cameras ~ 1 m from ran-
domly selected trays, with the randomization stratified by 
location type (parks, campuses, residential yards) to identify 
visitors to the foraging trays.

We analyzed these data using an Analysis of Variance 
(ANOVA) with location type (yard, campus, or park) and 
proximity to road (yes/no) as independent variables and 
GUD as the dependent variable. Site (= yard address, cam-
pus identity, park identity) was included as random effect 
since multiple sampling events occurred at a given location. 
Alpha was set at 0.05 in all analyses.

To estimate “maximum distance from a road” at each 
location, we measured the point in a property (yard, cam-
pus, or park) that was furthest from any road using google 
maps and ImageJ software.

In part 2, we tested explicitly the impact of proximity to 
roads on GUDs. We deployed all trays for this component 
on the University of St. Thomas campus. We estimated traf-
fic volume on each of the four roads bordering the south-
ern part of the campus using 2 15-min samples per road (at 
12:00–13:00 and at 16:00–18:00, periods of typically high 
traffic) in which we counted every vehicle passing in each 
direction. We then used these counts to classify areas into 2 
categories: “high traffic” (one road) or “low traffic” (3 con-
tiguous sides of the campus)  - see results. For each road, 
we placed 4 trays at each of 5 locations (0.5 m, 2 m, 4 m, 
8 m, and 16 m from the edge of the road) with each tray at 
least 5 m away from tree trunks, at least 2 m away from any 
permanent structure, at least 15 m away from other trays, 
and with no permanent structures or plantings between the 
tray and the road. We analyzed these data using general lin-
ear mixed model (GLMM) with distance to road and traffic 
volume category (low/high) as independent variables and 
GUD as the dependent variable. We performed all statistical 
analyses using JMP Pro 15.
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Camera traps captured pictures of 124 foragers, and 100% 
of pictured foragers were squirrels. Eighty-nine of these 
squirrels could be identified to species from the picture, and 
all 89 were eastern gray squirrels (Fig. 2).

When we directly tested the association between road 
proximity and GUDs, we found that both greater distance 
to roads and higher traffic volume were associated with 
higher GUDs (Fig. 3). In our traffic survey, we found that 
traffic volume on one road was more than 7x higher than 
average traffic volume on the other 3 roads (mean ± 1 SE: 
“high traffic” road = 13.4 ± 1.4 vehicles/min, “low traffic” 
roads = 1.95 ± 0.63 vehicles/min). Overall, GUDs were 
significantly higher near the high traffic road than near the 
lower traffic roads (F1,76 = 6.002, p = 0.017) and decreased 
significantly with distance from roads under both traffic 
conditions (F1,76 = 4.976, p = 0.029). There was no signifi-
cant traffic level-by-distance from road interaction (F1,76 = 
0.029, p = 0.865). GUDs at the furthest distance used in part 
2 of the study (16 m) were significantly higher than GUDs 
from away-from-road trays measured in part 1 (high traf-
fic road: t = 3.998, df = 8.975, p = 0.003; low traffic roads: 
t = 2.929, df = 18.176, p = 0.009).

We also found that maximum distance from roads within 
each site differed significantly among location type and 
was shorter for residential yards than for parks or campuses 
(Table S2).

Results

We found that GUDs differed within but not among location 
types (Fig. 1). Using all tray data, we found that mean GUD 
did not differ significantly among parks, campuses, and 
residential yards (F2, 15.54 = 0.924, p = 0.418), but did differ 
significantly within location type depending upon proxim-
ity to roads (F1, 290.4 = 42.757, p < 0.0001). There was no 
significant location-by-road proximity interaction (F1, 290.5 
= 2.178, p = 0.115). Overall, 52% of seeds were removed 
from trays away from roads and only 26% of seeds were 
removed from trays near roads. A much higher percentage 
of trays away from roads were visited compared to trays 
near roads in all three location types (parks: away 72% vs. 
near 56%, campuses: 82% vs. 45%, yards: 93% vs. 64%). 
When we restricted analysis only to trays that were visited 
(i.e., with remaining seed mass < initial seed mass), we still 
found that mean GUDs differed significantly depending on 
proximity to roads (F1, 189.4 = 15.817, p < 0.0001) but did 
not differ among location type (F2, 23.11 = 0.211, p = 0.812). 

Fig. 3  Relationship between giving-up density (GUD) (mean ± 1 S.E.) 
and distance (in meters) from a high-traffic road and low-traffic roads. 
GUD data were collected at the University of St. Thomas (UST) over 
2 days. Roads were categorized as high- or low-traffic as described 
in the text. Upper dashed line indicates original seed mass in trays (= 
“max GUD”). Lower dashed line indicates mean GUD for samples 
from samples taken away from roads on the UST campus

 

Fig. 2  A camera trap photo of an eastern gray squirrel

 

Fig. 1  Relationship between giving-up density (GUD) (mean ± 1 S.E.) 
and location type (higher education campus, residential yard, munici-
pal park)
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other animals, including insects, small mammals, and birds, 
similarly modify foraging behavior in urban environments.

Factors other than road proximity, including predation 
risk, shelter, and food availability also likely influence the 
value of green infrastructure for gray squirrels in urban 
areas. Across a rural-urban gradient, Bowers and Breland 
(1996) found that gray squirrels had lower GUDs (lower 
costs) near human structures and abundant trees, but higher 
GUDs where there was abundant ground cover and more 
domestic cats and dogs. Gray squirrels in urban areas are 
one of the most common prey items of domestic cats (Loyd 
et al. 2017) and other urban predators. In addition, squir-
rels have also long been known to modify foraging behavior 
in the face of predation risk (Lima and Valone 1986), and 
this response is mediated by shelter availability (Lima et 
al. 1985). Humans also likely increase perceived predation 
risk for squirrels, although habituation to human presence 
(Engelhardt and Weladji 2011) and predictability of human 
behavior (Bateman and Fleming 2014) can reduce squirrel 
perception of risk. Food availability is likely also an impor-
tant factor influencing foraging costs for squirrels. This 
relationship is illustrated by a “habitat suitability index” for 
gray squirrels in urban cemeteries developed by McPher-
son and Nilon (1987) that primarily emphasized tree cover 
that contributed to the availability of winter food quality and 
quantity. More broadly, Fidino et al. (2021) found that gray 
squirrels are positively associated with housing density, and 
their overall response to urbanization changed from nega-
tive to positive once total greenspace area in cities increased 
to over 20% of total area. Future work could examine how 
specific environmental factors and total greenspace inter-
act with traffic volume to determine foraging costs for gray 
squirrels, and whether habituation to traffic can reduce costs 
from perceived risk as it does to direct human exposure.

Interpretation of our GUD results must be made with 
some caution for two reasons. First, our results are to some 
extent correlational because we tested GUD associations 
with proximity to roads and traffic volume but did not 
manipulate traffic volume directly. Factors other than traffic, 
such as pedestrian presence, could have broadly affected our 
results. However, our results from part 2, which assessed 
effects across roads varying in traffic volume, suggest that 
traffic is a significant contributor to the road effect demon-
strated in part 1. Second, we cannot rule out the possibility 
that animals other than gray squirrels visited our foraging 
trays. Bedoya-Perez et al. (2013) identified the potential for 
non-target visitors to feeding trays as the most important 
complication with interpreting GUD experiments and rec-
ommended researchers use behavioral observations to over-
come this challenge. Here, we used camera traps to make 
such observations and found that all of our 124 pictures of 
foragers were squirrels and all 89 identifiable squirrels in 

Discussion

Our results indicate that, compared to residential yards, both 
college campuses and parks may be associated with reduced 
foraging costs for eastern gray squirrels because of the 
amount of greenspace that is distant from roads. In part 1, 
we found that GUDs for gray squirrels did not differ signifi-
cantly among parks, campuses, and yards after controlling 
for proximity to roads, but proximity to roads was associ-
ated with significantly higher GUDs in all location catego-
ries. In an explicit test, we also found that proximity to roads 
and traffic volume were both associated with higher GUDs. 
We found that maximum distance from roads was signifi-
cantly higher for campuses and parks than for residential 
yards, indicating a greater proportion of the area of cam-
puses and parks is “away from roads.” Our results, although 
preliminary, suggest that campus and park configurations 
that reduce road effects should reduce foraging costs and 
increase habitat quality for gray squirrels. More generally, 
these results suggest that reducing vehicle traffic may be 
essential for creating urban refugia for some species.

Much evidence suggests that vehicle traffic generally 
negatively impacts wildlife, but the extent to which urban 
road use impacts animal foraging costs is not well docu-
mented. In general, roads are much more likely to have 
negative effects on animal abundances and behavior than 
positive effects (Speziale et al. 2008; Fahrig and Rytwinski 
2009; Baxter-Gilbert et al. 2015), and limited evidence sug-
gests that at least major roadways limit movement of east-
ern gray squirrels (Hennessy et al. 2018, although see Fey 
et al. 2016 for a contrasting result for urban red squirrels). 
Our results showing higher GUDs closer to urban roads 
suggest that road proximity and traffic affect gray squirrels’ 
perception of risk. Furthermore, our results in part 2 sug-
gest that this road effect may extend at least 16 m in from 
roads. These results suggest that squirrels may experience 
an urban “landscape of fear” that is similar to predation risk 
effects in non-human-dominated ecosystems (for a similar 
point, see Fardell et al. 2021). The landscape of fear concept 
has been advanced in ecology as a general mechanism link-
ing individual behavior to community and ecosystem con-
sequences (Brown and Kotler 2004), and numerous studies 
have used GUDs to develop this concept and document it 
in both pristine and more human-dominated landscapes 
(see e.g., Schmitz 2005; Laundré et al. 2010; Gaynor et al. 
2019, Fardell et al. 2021). Further research should explore 
whether traffic variation creates similar peaks and valleys 
in risk for urban animals that in turn influence urban eco-
system processes. Research should also investigate whether 
the magnitude of road effects can be mediated by parked 
cars, bike lanes, or other barriers separating vehicles from 
greenspace. Additional research could also explore whether 
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