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1  | INTRODUC TION

Urbanization is the fastest growing form of land-use change and can 
be considered the greatest anthropogenic impact on Earth's ecosys-
tems (Foley et al., 2005; Grimm et al., 2008). Land-use changes that 
accompany urbanization dramatically modify habitat structure and 
ecosystem function through the conversion of natural habitats to 
impervious surfaces and altering hydrological and nutrient cycling 

(Beninde, Veith, & Hochkirch, 2015; Farinha-Marques, Lameiras, 
Fernandes, Silva, & Guilherme, 2011; Ibáñez-Álamo, Rubio, 
Benedetti, & Morelli, 2017). Despite these profound changes, 
ecological processes continue to operate within urban landscapes 
(Forman, 2016; Grimm et al., 2008; Pickett & Cadenasso, 2017). 
Cities also support a significant number of ecologically important 
species (e.g., keystone species) and species of conservation concern 
(Aronson et al., 2017; Ives et al., 2016). Thus, cities are an import-
ant venue for the management and conservation of biodiversity 
(Dearborn & Kark, 2010).
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Abstract
1.	 Urbanization is considered the fastest growing form of global land-use change and 

can dramatically modify habitat structure and ecosystem functioning. While eco-
logical processes continue to operate within cities, urban ecosystems are pro-
foundly different from their more natural counterparts. Thus, ecological 
predictions derived from more natural ecosystems are rarely generalizable to 
urban environments.

2.	 In this study, we used data from a large-scale and long-term camera trap project in 
Chicago IL, USA, to determine whether urbanization alters predator-avoidance 
behaviour of urban prey species.

3.	 We studied three behavioural mechanisms often induced by the fear of predation 
(spatial distribution, daily activity patterns and vigilance) of white-tailed deer 
(Odocoileus virginianus) and eastern cottontail (Sylvilagus floridanus) when coyote 
(Canis latrans)—an urban apex predator—was present.

4.	 We found no evidence of spatial segregation between coyote and either prey spe-
cies. Furthermore, neither white-tailed deer nor eastern cottontail changed their 
daily activity or increased vigilance in urban areas when coyotes were present. 
Eastern cottontail, however, had their uppermost level of vigilance in highly urban 
sites when coyotes were absent.

5.	 Our study demonstrates that predator–prey dynamics might be modified in urban 
ecosystems—moving from what is traditionally thought of as a two-player system 
(predator and prey) to a three-player system (predator, prey and people).
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As urban ecosystems distinctively vary from their more natural 
counterparts (Forman, 2016), ecological models derived from more 
natural ecosystems may not generalize to urban environments 
(Rodewald, Kearns, & Shustack, 2011; Shochat, Warren, Faeth, 
McIntyre, & Hope, 2006). For example, the classic river continuum 
model (Vannote, Minshall, Cummins, Sedell, & Cushing, 1980) for 
urban watersheds must be modified to consider engineered infra-
structure and disconnections from floodplains (Kaushal & Belt, 
2012). Similarly, top-down and bottom-up trophic dynamics in urban 
ecosystems often differ from those in more natural ecosystems 
due to the multitude of maintained parks and yards, which increase 
and stabilize primary productivity throughout the system (Imhoff, 
Tucker, Lawrence, & Stutzer, 2000). Understanding the parallels and 
disconnects between well-founded ecological principles in natural 
and urban ecosystems is essential to understanding how human ac-
tivities alter ecological and evolutionary processes in cities (Grimm 
et al., 2008; Pickett & Cadenasso, 2017; Shochat et al., 2006).

The presence of predators typically influences the behaviour 
and distribution of prey species (Brown & Kotler, 2007; Laundre, 
Hernandez, & Ripple, 2010). Predators not only impact prey through 
direct predation but also influence prey behaviour through fear (an 
organism's perceived cost of injury or mortality; Brown & Kotler, 
2007). These costs are at odds with the prey's needs to acquire re-
sources, and therefore, prey species must make trade-offs between 
food and safety to survive (Brown & Kotler, 2007). For example, 
prey may use resource rich habitat patches less than expected or 
avoid some habitats altogether if the risk of predation is too high 
(McArthur, Banks, Boonstra, & Forbey, 2014; van der Merwe & 
Brown, 2008). However, unique characteristics of urban ecosys-
tems may alter expected behavioural outcomes. For example, the 
presence of novel resources may reduce the need for prey to forage 
in environments with predators (Brown & Kotler, 2007; Rodewald 
et al., 2011). Further, available habitat is generally reduced and dis-
connected in urban areas, limiting a species’ ability to distribute 
freely across the landscape (Magle, Simoni, Lehrer, & Brown, 2014).

Habitat patches are smaller and more rare in highly urbanized 
areas, creating highly fragmented and spatially disjunct habitats 
(Gehrt, 2010b). Patchy arrangements of habitats may constrain 
the prey's ability to spatially avoid predators (Magle et al., 2014) 
and force them to occupy the same habitat patches as predators 
(McKinney, 2002; Ordeñana et al., 2010). In these cases, we would 
expect prey species to possess behavioural adaptations that allow 
them to co-exist in the same habitat patch as a predator. For ex-
ample, prey species may alter the amount of time they allocate to 
foraging or increase their vigilance to avoid predation (Brown & 
Kotler, 2007). The inability of a prey species to respond to predators 
would inevitably result in their extirpation from the patch (Carthey 
& Banks, 2014). Human development also presents novel threats 
to wildlife—for example, vehicular traffic or increased potential for 
human–wildlife conflict—that may be perceived as a greater risk com-
pared to non-human predators (Bleicher & Rosenzweig, 2017; Frid 
& Dill, 2002; Polfus & Krausman, 2012). Therefore, the addition of 
anthropogenic risks may increase the complexity of trade-offs that 

must be made by prey species to persist in urban habitat patches 
(e.g., Coleman, Richardson, Schechter, & Blumstein, 2008; Valcarcel 
& Fernández-Juricic, 2009).

Additionally, prey species should continually respond to changes 
in predator habitat use (Brown & Kotler, 2007) and behaviour (Brown, 
Laundré, & Gurung, 1999; Fretwell, 1969; Lima & Dill, 1990)—al-
though this is not always the case (Bleicher, Brown, Embar, & Kotler, 
2016). Yet, urban predators may also be constrained in their move-
ment or daily activity patterns due to human activity or features of 
the built environment (Gese, Morey, & Gehrt, 2012), thus lowering 
the impact they hold on prey. Urban predators may also supplement 
their diet through anthropogenic resources which would reduce 
their need to hunt risky prey and further reduce their impact on 
prey populations (Morey, Gese, & Gehrt, 2007; Murray & St. Clair, 
2017). In many cases, larger-bodied predators avoid areas of high 
human activity (e.g., Shannon, Cordes, Hardy, Angeloni, & Crooks, 
2014; Waser et al., 2014). However, some predators have adapted 
behaviours that allow them to persist in human-dominated eco-
systems—for example, increased nocturnality (Gaynor, Hojnowski, 
Carter, & Brashares, 2018). These nuanced behavioural changes 
of urban predators—facilitated by urbanization—may induce be-
havioural cascades that further alter predator-avoidance behaviour 
of urban prey species.

The goal of this study was to better understand how urbanization 
influences predator-avoidance behaviours in urban prey species, and 
inform urban wildlife management and conservation through an im-
proved knowledge of predator–prey dynamics in urban ecosystems. 
To assess how predators influence the behaviour of prey species 
in urban environments, we studied three behavioural mechanisms 
often manifested by the fear of predation—the spatial distribution, 
daily activity patterns and vigilance of prey species. First, we as-
sessed the spatial co-occurrence of coyotes (Canis latrans) and two 
common prey species—white-tailed deer (Odocoileus virginianus) and 
eastern cottontail (Sylvilagus floridanus). We then assessed changes 
in temporal prey behaviour by comparing the daily activity patterns 
of each prey species when coyotes were present or absent within a 
habitat patch. Finally, we assessed photographs of prey species to 
determine whether prey vigilance behaviour increased when coy-
otes were present in a habitat patch.

Coyotes (C. latrans) are highly adaptable carnivores that have be-
come more nocturnal to avoid humans (Gehrt, 2010a; Riley et al., 
2003) and supplement their diet with anthropogenic resources in 
urban ecosystems (Morey et al., 2007; Murray & St. Clair, 2017; 
Newsome, Garbe, Wilson, & Gehrt, 2015). While urban coyotes 
are often misrepresented as eating mostly anthropogenic refuse, 
they are, in fact, actively engaged in predatory roles in urban sys-
tems (Gehrt, 2010a) and prey on both eastern cottontails and young 
white-tailed deer (Newsome et al., 2015). With the absence of most 
large-bodied predators in urban ecosystems, coyotes are the clos-
est equivalent to apex predators and likely influence the distribution 
and behaviour of urban prey (Crooks & Soulé, 1999).

White-tailed deer and eastern cottontails are known to spatially 
avoid coyotes in more remote (Lingle, 2002) and suburban (Jones, 
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Cove, Lashley, & Jackson, 2016) areas. However, we hypothesized 
that these prey species would not demonstrate a pattern of spatial 
segregation from coyotes, because habitat patches are limited in 
highly urban environments (Magle et al., 2014). Thus, each prey spe-
cies would be forced to occupy the same habitat patches as coyote. 
If prey species were unable to avoid coyotes, but continue to persist 
within the same patch as coyotes, we predicted that they would alter 
their daily activity patterns and increase vigilance to lessen their risk 
of predation (Brown & Kotler, 2007).

2  | MATERIAL S AND METHODS

2.1 | Study site

This study was conducted in Chicago, IL, USA, as part of an ongoing 
biodiversity monitoring survey in the greater Chicago Metropolitan 
area. Chicago is the third most populous city in the United States 
with approximately 2.7 million residents, an average population den-
sity of 7,355 people per km2 (U.S. Census Bureau, 2015b), and an 

estimated 8.6 million people (U.S. Census Bureau, 2015a) in the met-
ropolitan area. The Chicago region is highly urbanized, but contains a 
significant portion of protected lands (i.e., forest preserves and natu-
ral areas). Although small in size and fragmented, these protected 
areas, along with other urban green spaces (e.g., city parks, ceme-
teries and golf courses), provide habitat for urban wildlife (Aronson 
et al., 2017; Magle, Lehrer, & Fidino, 2016).

2.2 | Data collection

The Chicago Biodiversity Monitoring Project consists of three 
sampling transects originating in Chicago's urban centre and con-
tinuing 50 km in three cardinal directions (Figure 1a). Each transect 
was divided into ten 5-km-long sections within which we randomly 
selected sampling sites (Magle et al., 2016). To spatially distribute 
sampling evenly along each transect, a maximum of four sites were 
selected within each section, and locations were separated from 
one another by at least 1 km (Magle et al., 2016). All sampling sites 
(n = 102) were placed in urban natural areas, city parks, golf courses 

F IGURE  1 Location and design of the Chicago Biodiversity Monitoring Project (a), example of data collected from remotely triggered 
cameras (b), and the hierarchical model formulation used to assess predator-avoidance behaviour of white-tailed deer and eastern cottontail 
in Chicago, IL USA (c). Within figure (c), white boxes represent data, black boxes indicate analysis, and grey diamonds represent results. Note: 
Habitat data are calculated using GIS and are not collected from camera images
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and cemeteries. We placed one Bushnell motion-triggered infrared 
Trophy Cam (Bushnell Corp., Overland Park, KS, USA; see Supporting 
Information Appendix S1 for camera settings) at each site (Figure 1b) 
for 28 days per season (i.e., spring, summer, fall and winter). Each 
season we placed one synthetic fatty acid scent lure in the line of 
sight of the camera to increase the detection probability of each 
species (Gerber, Karpanty, & Kelly, 2012). Lures were replaced on 
a 2-week interval, if missing, to remain consistent. For this analysis, 
we used data from fall 2010 to spring 2013 for a total of 11 sampling 
seasons. Due to malfunctioning cameras, vandalism and logistical 
constraints, not all sites were sampled equally across each season; 
however, most cameras were active for the entire sampling period 
(median days active = 27). For each sampling period, we calculated 
(1) the number of days each species was detected at each sampling 
location and (2) the number of days a camera was operational at each 
sampling location. Further details about study design and species 
identification procedures are described in Magle et al. (2016).

Our study design follows an urban to suburban gradient 
(Figure 1a). To characterize the varying levels of urbanization sur-
rounding a site, we calculated an urbanization index using a principal 
components analysis consisting of the per cent tree cover, per cent 
impervious cover and mean housing density, each within a 500 m 
fixed-radius buffer around a sampling site (Gallo, Fidino, Lehrer, & 
Magle, 2017). Tree cover and impervious cover were included in the 
urbanization index calculation because together they represent the 
conversion of natural habitats to impervious surfaces (Grimm et al., 
2008). Housing density was also included as it represents the inher-
ent human element of urban ecosystems (Foley et al., 2005; Grimm 
et al., 2008). We chose a 500 m radius because it encompasses the 
home range of eastern cottontail (Hunt et al., 2014) and the majority 
of white-tailed deer home range (Etter et al., 2002) without creating 

significant overlap between independent sampling sites (Gallo et al., 
2017). We calculated these metrics using QGIS ver 2.14 (QGIS 
Development Team, 2009). We used the first principal component 
for each site as an index or urbanization (URB), which accounted for 
77.31% of the variation in the data. Index values that are positive in-
dicate sites with higher mean tree cover (less urban), while negative 
values indicate sites with higher housing densities and impervious 
cover (more urban).

2.3 | Statistical analysis

To quantify how coyote presence influences the spatial distribution 
and behaviour of white-tailed deer and eastern cottontail, we took 
a 3-tier approach underpinned by a Bayesian hierarchical multi-
season occupancy model. Using this approach, we estimated (1) spa-
tial overlap of coyote and each prey species, (2) changes in the daily 
activity patterns of each prey species in the presence and absence of 
coyote, and (3) changes in vigilance behaviour of each prey species in 
the presence and absence of coyote (Figure 1c).

To determine whether site-level occupancy of coyote influ-
enced the occupancy of white-tailed deer and eastern cottontail, we 
adapted a Bayesian single season occupancy model (Waddle et al., 
2010) to a dynamic occupancy model (MacKenzie et al., 2006). This 
model formulation allowed us to estimate detection-corrected col-
onization and persistence rates (MacKenzie et al., 2006) for coyote 
as well as detection-corrected colonization and persistence rates of 
a prey species given the presence or absence of coyotes at a site 
(Table 1). We define colonization as the probability that a site is oc-
cupied by the focal species given that it was unoccupied in the pre-
vious sampling season, and persistence as the probability a site is 
occupied by the focal species given it was occupied in the previous 

TABLE  1 Parameters used to estimate latent co-occurrence rates between prey species (A) and coyote (B) within a hierarchical multi-
season occupancy model. Underpinning our analyses with a Bayesian two-species occupancy model allowed us to propagate the uncertainty 
of when coyotes were present or absent across all three components of our analysesa

Parameter Probability Definition

ψA
Pr

(
zA
t=1

=1

)
Initial probability of occupancy of subordinate species A at time t = 1

ψB
Pr

(
zB
t=1

=1

)
Initial probability of occupancy of dominant species B at time t = 1

γB
Pr

(
zB
t
=1|zB

t−1
=0

)
Conditional probability of colonization of dominant species B given its absence in the previous 

time step

γA|B
Pr

(
zA
t
=1|zA

t−1
=0, zB

t−1
=1

)
Conditional probability of colonization of species A given their absence in the previous time step 

and presence of dominant species B in previous time step

γA|Bˉ
Pr

(
zA
t
=1|zA

t−1
=0, zB

t−1
=0

)
Conditional probability of colonization of species A given their absence in the previous time step 

and absence of dominant species B in the previous time step

ϕB
Pr

(
zB
t
=1|zB

t−1
=1

)
Conditional probability of persistence of dominant species B given its presence in the previous 

time step

ϕA|B
Pr

(
zA
t
=1|zA

t−1
=1, zB

t−1
=1

)
Conditional probability of persistence of species A given their presence in the previous time step 

and the presence of dominant species B in the previous time step

ϕA|B− Pr

(
zA
t
=1|zA

t−1
=1, zB

t−1
=0

)
Conditional probability of persistence of species A given their presence in the previous time step 

and the absence of dominant species B in the previous time step

aAll of the above parameters may be transformed via a variety of link functions (e.g., the logit link) such that they may be made a linear function of 
covariates. 
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sampling season (MacKenzie et al., 2006). We further hypothesized 
that urbanization would influence these interactions. Therefore, all 
parameters in Table 1 were made a function of the URB covariate 
(see Supporting Information Appendix S2 for a detailed description 
of our model formulation, prior specifications and posterior distri-
bution). This model formulation allowed us to estimate a detection-
corrected presence/absence matrix (hereafter “incidence matrix”) 
for coyote that we leveraged across the remaining analyses.

2.3.1 | Deriving species interaction factors: 
Predator–prey spatial overlap

To estimate the spatial overlap of our target predator and prey 
species, we derived species interaction factors (SIF) between coy-
ote and each prey species from our occupancy model (MacKenzie, 
Bailey, & Nichols, 2004; Richmond, Hines, & Beissinger, 2010). 
Species interaction factors demonstrate if species co-occur more or 
less frequently than would be expected if they co-occurred inde-
pendently of one another (MacKenzie et al., 2004). Any estimated 
SIF < 1 indicates that the two species co-occur less frequently than 
expected by chance (segregation/avoidance), while a SIF > 1 indi-
cates that the species are co-occurring more often than expected by 
chance (aggregation). Following Richmond et al. (2010), we reparam-
eterized the traditional SIF formula from MacKenzie et al. (2006), 
to fit our conditional dynamic occupancy model such that SIF = 
 ψBψA|B/ψB(ψBψA|B + (1 − ψB)ψA|B−), where ψB is the unconditional oc-
cupancy probability of coyote (species B), ψA|B is the probability of 
occupancy for the prey species (species A) given coyote is present 
and ψA|B− is the probability of occupancy for the prey species given 
coyote is absent. As future occupancy states are a function of local 
colonization and persistence rates, we used the recursive equation 
described by MacKenzie et al. (2006), ψt + 1 = ψtϕt + (1 − ψt)γt, to de-
rive each of the subsequent occupancy probabilities using the pa-
rameters estimated by our occupancy model (Table 1) and calculate 
SIFs between coyote and a given prey species for each sampling sea-
son. See Supporting Information Appendix S2 for a detailed descrip-
tion of SIF calculations at each time step.

2.3.2 | Changes in daily activity patterns: 
Temporal behaviour

To assess the influence that coyotes have on the temporal behaviour 
of white-tailed deer and eastern cottontail, we used the time stamp 
data from each photo and compared the daily activity patterns of 
each species given the presence or absence of coyote (Figure 1c). 
An exploratory analysis (T. Gallo, unpublished data) showed neither 
seasonal difference in species-specific daily activity nor difference 
across the urban gradient. Therefore, photos were pooled together 
across seasons and sites. We separated photos of prey species into 
two groups: (a) photos taken when coyotes were estimated to be 
present at the respective site during the same sampling period and 
(b) photos taken when coyotes were estimated to be absent from 

the respective site during the same sampling period. To account for 
the imperfect detection of coyotes, we conducted this photo clas-
sification at each step (n = 100,000) of the coyote incidence matrix's 
posterior distribution (Supporting Information Appendix S2). At each 
Markov chain Monte Carlo (MCMC) step, we used the overlap pack-
age (Meredith & Ridout, 2016) in R ver 3.3.2 (R Core Team, 2016) 
to estimate a coefficient of overlap (Δ̂) comparing daily activity pat-
terns under both coyote scenarios (present or absent). The overlap 
package estimates Δ̂ by fitting a kernel density function to the time 
of day each prey species was detected under each scenario, and cal-
culates the proportion of area of overlap of each activity curve. Δ̂ is a 
quantitative measure ranging from 0 (no overlap) to 1 (identical pat-
terns) (Ridout & Linkie, 2009). Following Ridout and Linkie (2009), 
we made inference with the Δ̂4 estimator (Schmid & Schmidt, 2006) 
recommended for large sample sizes (n > 75 photos).

2.3.3 | Changes in vigilance behaviour in the 
presence or absence of coyote

Camera traps are predominately used to collect detection/non-
detection data. However, because camera traps take photos inde-
pendent of the behaviour of an organism, behavioural data (e.g., 
vigilance or foraging) can be collected from camera trap images 
(e.g., Abu Baker & Brown, 2013; Arias-Del Razo, Hernández, 
Laundré, & Velasco-Vázquez, 2012; Lashley et al., 2014; Schuttler 
et al., 2017). To assess prey vigilance when coyotes were present 
or absent, we coded a random subset of prey photos (deer = 4,847 
photos at 49 sites; eastern cottontail = 2,229 photos at 90 sites) 
as “vigilant” if the individual in a photo had its head above its 
shoulders in an apparent alert posture or as “non-vigilant” if the 
individual's head was down in a foraging posture (Supporting 
Information Figure S1). If the individual's head was even with its 
shoulders, the photo was considered inapplicable and removed 
from the dataset (Supporting Information Figure S1). Photos were 
coded only if the prey species head was visible. The data gener-
ated in this way would arise in a similar manner to more tradi-
tional approaches in behavioural ecology such as scan-sampling 
(Altmann, 1974). Given that our dynamic occupancy model esti-
mated the presence of coyote, we incorporated an additional bi-
nomial model into our hierarchical model to determine the 
influence that coyote presence had on the vigilance rates (pro-
portion of photos in alert posture) of each prey species (Figure 1c). 
Here, vig i,t was the number of images in which the prey species 
was vigilant at site i and primary sampling period t, and photoi,t 
denotes the total number of images of the prey species at site i 
and primary sampling period t that were coded as vigilant or 
non-vigilant. We then modelled the probability that the prey 
species was displaying vigilance in a photo, ηi,t, as a binomial 
process: vig i,t ~ Binomial(photoi,t, ηi,t). To account for the level  
of urbanization at a sampling location and the presence of  
coyote, we modelled ηi,t as a function of covariates, 

logit(�i,t)=
(
1−zB

i,t

)
(v0+v1URBi)+zB

i,t
(v2+v3URBi). When coyotes 



6  |    Journal of Animal Ecology GALLO et al.

are absent, v0 is the vigilance rate at average levels of urbaniza-
tion (URB) and v1 is the effect of a 1-unit change in URB on ηi,t. 
When coyotes are present, v2 is the average vigilance rate and v3 
is the slope of URB. The presence of coyote, zB

i,t
, is estimated from 

the occupancy model (Supporting Information Appendix S2). 
When a coyote is estimated to be present, zB

i,t
 equalled 1, other-

wise it is 0.

2.3.4 | Model implementation

Marginal posterior distributions of model parameters were esti-
mated using a MCMC algorithm implemented in ver 4.2.0 of JAGS 
(Plummer, 2003) using the runjags package (Denwood, 2016) in R. 
See Supporting Information Appendix S2 for a detailed description 
of JAGS settings, model specifications, priors and model assessment.

F IGURE  2 The spatial overlap of coyote and prey species and the daily activity and vigilance of each prey species when coyotes were 
present or absent. Median coefficient values (points) and 95% Bayesian credible intervals (BCI; vertical lines) for species interaction factors 
between each prey species and coyote across 10 sampling seasons (a), daily activity curves (overlay of 100,000 iterations) for each prey 
species when coyotes are present (red) and absent (black) (b), and the rate of vigilance behaviour (solid line), 95% BCI (shaded area), and the 
mean proportion of prey photos displaying vigilance behaviour (points) given coyotes were present (red) or absent (black) along an urban 
gradient. The probability of occupancy for coyote across the urban gradient is illustrated by the lower gradient strip (c). See Supporting 
Information Table S3 for mean proportion and standard error values of photos of vigilance posture
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3  | RESULTS

In total, we captured 3,941 photographs of coyote, 4,604 of eastern 
cottontail, and 11,262 of white-tailed deer from a total of 23,861 
trap nights.

3.1 | Predator–prey spatial overlap

All Bayesian Credible Intervals (BCI) of �A|B−

−�
A|B and �A|B−

−�
A|B 

overlapped 0, indicating no significant difference in γ or ϕ for prey 
species given the presence of coyote (see Supporting Information 
Table S1). Spatial overlap between coyote and each prey species 
was measured using the SIF for each predator–prey pair at high 
(URB = –1), medium (URB = 0) and low (URB = 1) levels of urbani-
zation. The SIF 95% BCI between coyote and both prey species 
bounded 1 across all sampling seasons and all levels of urbanization, 
indicating each prey species was spatially distributed independent of 
coyote through space and time (Figure 2a).

3.2 | Daily activity patterns: Temporal behaviour

The daily activity overlap of deer when coyotes were present and 
when coyotes were absent was Δ̂4 = 0.87 (95% BCI 0.86–0.88) with 
evidence of a slight increase in activity during the earlier evening 
when coyotes were present (Figure 2b). Deer were most active 
around 06:00 and again around 18:00. The daily activity overlap of 
eastern cottontail when coyotes were present and when coyotes 
were absent was Δ̂4 = 0.91 (95% BCI 0.85–0.93) with no noticeable 
shift in daily activity when coyotes were present. Eastern cotton-
tails were most active between 00:00 and 06:00. Coyotes were pri-
marily nocturnal and were most active between 19:00 and 04:00 
(Figure 2b).

3.3 | Vigilance behaviour in the presence or 
absence of coyote

On average, deer vigilance rates were lower in sites with coyote 
than sites without, though the difference was not significant (95% 
BCI of deer v0 − v2 overlapped 0; Supporting Information Table 
S2). There was weak evidence that deer vigilance rates increased 
with a decrease in urbanization when coyotes were not present 
(deer v1 = 0.16, 95% BCI = −0.02 to 0.35); however, deer vigilance 
rates were constant in the presence of coyote across all levels of 
urbanization (deer v3 = 0, 95% BCI = −0.07 to 0.07; Figure 2b). At 
average levels of urbanization, eastern cottontail vigilance rates 
did not significantly differ in the presence or absence of coyote 
(95% BCI of eastern cottontail v0 − v2 overlapped 0; Supporting 
Information Table S2). However, cottontail vigilance rates varied 
significantly in opposite directions along an urbanization gradi-
ent in habitat patches with and without coyote. In the urban core, 
cottontail vigilance was highest in habitat patches without coyote 
(cottontail v1 = −0.32, 95% BCI = −0.55 to −0.07). At low levels 
of urbanization, cottontail vigilance rates were highest in habitat 

patches with coyote (cottontail v3 = 0.15, 95% BCI = 0.07–0.24; 
Figure 2c).

4  | DISCUSSION

Our results demonstrate that urbanization alters predator-avoidance 
behaviour in white-tailed deer and eastern cottontails. We found, 
across our study area, that neither white-tailed deer nor eastern cot-
tontail were spatially segregated from coyotes, nor did we find a pro-
nounced change in their daily activity patterns. While deer did not 
increase vigilance when coyotes were present, eastern cottontails 
had higher vigilance when coyotes were present in less urban sites, 
but lower vigilance when coyotes were present in more urban sites. 
Conversely, eastern cottontails had their highest vigilance rates in 
more urban sites when coyotes were absent, indicating an alterna-
tive source of fear that may be “forcing” cottontails to be vigilant 
even when coyotes are absent.

If all other factors are equal (e.g., food availability and social 
standing), prey species should display increased anti-predator be-
haviour where predation pressures exist (Caro, 2005). White-tailed 
deer in less urban ecosystems have been shown to avoid habitat oc-
cupied by coyotes (Jones et al., 2016; Lingle, 2002). Although coy-
otes depredate eastern cottontails and young white-tailed deer in 
the greater Chicago region (Gehrt, 2010a; Morey et al., 2007), we 
found that neither white-tailed deer nor eastern cottontail demon-
strated spatial segregation from coyotes across our study area 
(Figure 2a). These results are similar to previous findings in the 
Chicago metropolitan area (Magle et al., 2014). Coyote and deer 
occupancy rates were positively linked, and the authors suggested 
that the need for limited habitat may outweigh any spatial predator 
avoidance by deer (Magle et al., 2014). We too expect that habitat 
limitation constrained prey species’ ability to spatially avoid coyotes 
across the landscape.

Because white-tailed deer and cottontail did not spatially 
avoid coyotes, we expected to observe a change in prey species 
temporal activity patterns to minimize the frequency of inter-
actions with coyotes. Yet, we found only minor changes in daily 
activity patterns of prey species in sites with or without coyote 
(Figure 2b). White-tailed deer slightly increased their activity to 
be active later in the morning and earlier in the evening when 
coyotes were present at a site (Figure 2b). However, peak activity 
of coyotes did not track high levels of deer activity. White-tailed 
deer are generally crepuscular or diurnal (Feldhamer, Thompson, 
& Chapman, 2003), and our results show that this behaviour does 
not change for urban deer (Figure 2b). Previous studies have 
also shown that urban coyotes become more nocturnal to avoid 
human activity (Gehrt, 2010a; Grubbs & Krausman, 2009; Riley 
et al., 2003; Tigas, Van Vuren, & Sauvajot, 2002), and our results 
support this evidence (Figure 2b). Perhaps the risk from humans 
outweighs the benefits of overlapping activity patterns with deer 
and has decoupled the temporal interactions between deer and 
coyotes.
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This potential decoupling may have important implications for 
urban predator–prey dynamics. Within human-dominated systems, 
especially cities, predators are often extirpated or removed from 
the system if they interact with humans (Curtis & Hadidian, 2010). 
Thus, urban apex predators, who previously faced little risk while 
hunting, now face new mortality risks when choosing when and 
where to forage given the presence of humans (Blecha, Boone, & 
Alldredge, 2018). For coyote, aligning their activity pattern with that 
of deer may be too risky at most times, especially given that other 
food sources are seemingly available (Newsome et al., 2015). Thus, 
our results may indicate the influential role of a “third player” (i.e., 
humans) in urban predator–prey dynamics.

Just as urban coyotes become more nocturnal to avoid humans, 
eastern cottontail may similarly concentrate their activity patterns 
to late hours to avoid human activity. We found that coyote and cot-
tontail had similar daily activity patterns (Figure 2b), yet cottontails 
did not change their activity patterns when coyotes were present. 
Anthropogenic pressures, such as humans, vehicles and domestic 
dogs, that are more abundant during daytime hours (Lowry, Lill, & 
Wong, 2013) may be perceived as a greater risk than coyotes. Thus, 
eastern cottontail is forced to temporally overlap with coyote. It could 
also be that coyote pose less of a risk to eastern cottontail due to a 
hyperabundance of prey items (Brown & Kotler, 2007). Eastern cot-
tontails and other small-bodied mammals have high intrinsic growth 
rates (Feldhamer et al., 2003), and eastern cottontails do exist in 
high densities within smaller, isolated urban habitat patches (Hunt 
et al., 2014). At high levels of prey density, coyotes could become 
satiated and a fear-driven system would switch to a mortality-driven 
system (Brown & Kotler, 2007). When this is the case, predators will 
have little effect on the behaviour of prey (Brown & Kotler, 2007; 
Holt, 1977).

Predation pressures may also be reduced due to a surplus of re-
sources provided by anthropogenic sources (e.g., refuse, fruit trees, 
pet food). Coyotes are generalist predators (Morey et al., 2007), and 
urban coyotes have greater access to a variety of supplemental re-
sources throughout the year (Morey et al., 2007; Murray & St. Clair, 
2017; Newsome et al., 2015; Poessel, Mock, & Breck, 2017). A po-
tential increase in prey items combined with the supplementation 
of anthropogenic food sources may reduce the overall predation 
rates on cottontails and deer by coyotes across the urban landscape, 
thus reducing the need for either species to increase their predator-
avoidance behaviour.

We also expected prey species to express increased vigilance 
in the presence of coyote, and we found that eastern cottontail 
vigilance rates, in the presence of coyote, positively covaried 
with coyote occupancy. Vigilance rates were higher in less urban 
sites with coyote present where coyote occupancy is also high 
(Figure 2c). Conversely, eastern cottontail vigilance was highest 
in urban sites without coyotes. These varying results may sug-
gest different sources that induce vigilance behaviour in eastern 
cottontails along an urbanization gradient. In Chicago, cottontail 
rabbits are likely to occupy green spaces in the urban core (e.g., 
city parks; Gallo et al., 2017) where coyote occupancy is low 

(Figure 2c, Supporting Information Table S4) but visitation by 
humans and their pets is high. While these urban locations may 
provide potential refuge for eastern cottontails from coyote (i.e., 
human-shield effect), they potentially come with trade-offs in the 
form of increased interactions with humans and their pets. As a 
result, their vigilance rates are high in urban sites without coyote. 
As sites become less urban, we begin to see more expected anti-
predator behaviour towards a native predator as cottontails have 
higher vigilance rates in less urban sites with coyote than those 
without (Figure 2c).

In regards to white-tailed deer, our results may indicate that 
white-tailed deer are at their limits of behavioural plasticity in urban 
ecosystems, and cannot afford to change their predator-avoidance 
behaviour (Lowry et al., 2013). Deer vigilance rates at sites with coy-
ote did not vary as a function of urbanization. However, vigilance 
rates appeared higher in less urban sites without coyote, though this 
trend was not significant (Figure 2c). Alternatively, the separation 
in temporal interaction between coyote and deer due to changes in 
urban coyote daily activity (Figure 2b) may have reduced the need 
for deer to be vigilant of coyote.

It is important to note that detecting within-patch dynamics was 
not possible within our study design, as we had only one camera 
placed within each habitat patch. However, we found that detection 
rates were higher for both prey species when coyotes were present 
(Supporting Information Table S1). These findings could indicate that 
coyotes are influencing within-patch activity and movement pat-
terns of both prey species (Bowers & Dooley, 1993). Future research 
should assess within-patch spatial avoidance or behavioural changes 
by including multiple sampling sites within a single habitat patch or 
collecting fine-scale movement data using GPS collars on individual 
animals.

Our results add to a growing body of literature that indicates 
interactions between predators and prey in human-dominated 
landscapes may be better understood by considering the interplay 
between three players instead of two: predators, prey and people 
(Berger, 2007; Blecha et al., 2018; Magle et al., 2014). Given our 
findings, we believe it would be of value to assess fine-scale be-
haviours at the individual level (e.g., forager's perception of risk, in-
ternal state of predator and prey). Conducting fine-scale diet and 
behavioural analysis, such as measuring giving up densities, (Brown 
& Kotler, 2004; Kotler, Brown, & Bouskila, 2004) would be a natu-
ral progression to further assess our postulates about behavioural 
plasticity, the use of anthropogenic resource by predators and novel 
threats within urban ecosystems. Additionally, we assessed patterns 
of predator-avoidance behaviour based on the presence of coyote, 
yet predator abundance may have a stronger influence on predator–
prey dynamics (Power, Matthews, & Stewart, 1985). Future studies 
that measure population dynamics, such as mark-recapture, would 
help elucidate the influence predator abundance has on prey be-
haviour in novel ecosystems.

Our findings have greater implications for urban wildlife man-
agement. Conservation and management actions are often based 
on predictions about population dynamics and species interactions 
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generated from ecological models derived in more natural or rural 
settings. Changes in the impact that urban predators have on the 
behaviour of urban prey can alter or reduce top-down trophic 
effects causing further changes in prey behaviour (Waser et al., 
2014). Changes in predator-avoidance behaviour may have further 
cascading effects on both plant and animal communities, ulti-
mately changing the community composition of urban ecosystems 
(Kuijper et al., 2016; Waser et al., 2014). For example, urban and 
suburban white-tailed deer often modify understory plant com-
munities and alter forest ecology through uncontrolled herbivory 
(Côté, Rooney, Tremblay, Dussault, & Waller, 2004; DeNicola, 
VerCauteren, Curtis, & Hyngstrom, 2000). Thus, recognizing how 
urbanization alters the behaviour of both urban predators and 
urban prey is a key component to understanding urban wildlife 
communities and managing and conserving biodiversity on an ur-
banizing planet.
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