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Abstract
1.	 Animal	behaviors	are	often	modified	 in	urban	settings	due	to	changes	 in	spe-

cies assemblages and interactions. The ability of prey to respond to a predator 
is a critical behavior, but urban populations may experience altered predation 
pressure, food supplementation, and other human- mediated disturbances that 
modify their responsiveness to predation risk and promote habituation.

2. Citizen- science programs generally focus on the collection and analysis of ob-
servational data (e.g., bird checklists), but there has been increasing interest in 
the engagement of citizen scientists for ecological experimentation.

3. Our goal was to implement a behavioral experiment in which citizen scientists 
recorded antipredator behaviors in wild birds occupying urban areas. In North 
America,	increasing	populations	of	Accipiter hawks have colonized suburban and 
urban areas and regularly prey upon birds that frequent backyard bird feed-
ers. This scenario, of an increasingly common avian predator hunting birds near 
human dwellings, offers a unique opportunity to characterize antipredator be-
haviors within urban passerines.

4.	 For	 two	winters,	we	 engaged	 citizen	 scientists	 in	Chicago,	 IL,	USA	 to	 deploy	
a playback experiment and record antipredator behaviors in backyard birds. If 
backyard birds maintained their antipredator behaviors, we hypothesized that 
birds would decrease foraging behaviors and increase vigilance in response to 
a predator cue (hawk playback) but that these responses would be mediated by 
flock size, presence of sentinel species, body size, tree cover, and amount of sur-
rounding urban area.

5. Using a randomized control– treatment design, citizen scientists at 15 sites re-
corded behaviors from 3891 individual birds representing 22 species. Birds were 
more vigilant and foraged less during the playback of a hawk call, and these 
responses were strongest for individuals within larger flocks and weakest in 
larger- bodied birds. We did not find effects of sentinel species, tree cover, or 
urbanization.
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1  |  INTRODUC TION

Urban areas present several dimensions of novelty relevant to spe-
cies interactions (Guiden et al., 2019). Humans alter natural habitats 
by building infrastructure and otherwise driving land cover changes, 
often resulting in less vegetative cover and simpler foliar structure 
(Mitchell et al., 2016; Moll et al., 2019).	Additionally,	human	subsidies	
(e.g., bird feeding) result in altered congregations of animals, with 
implications for individual resource use, species interactions, and 
community assembly (Becker & Hall, 2014; Galbraith et al., 2015; 
Manlick & Pauli, 2020; Newsome et al., 2015; Oro et al., 2013). 
Predators are considered especially vulnerable to human distur-
bance (Estes et al., 2011), but several predator species are rebound-
ing from historic population declines and colonizing urban areas 
(McCabe et al., 2018), and as a result, there is a unique opportunity 
to study predator– prey interactions in human- modified landscapes 
(Carthey & Blumstein, 2018; Uchida & Blumstein, 2021).

In birds, antipredator behavior represents a suite of flexible be-
haviors for evading predators and often varies across species (Brown 
et al., 1999; Gaynor et al., 2019; Lima & Dill, 1990). For example, a 
bird may increase vigilance in response to predation risk by spend-
ing more time with its head elevated while feeding or spending less 
time handling food (Lima & Dill, 1990). Certain traits are often as-
sociated with interspecific variation in antipredator behaviors; for 
example, large- bodied birds are generally less tolerant to human 
presence and will initiate flight earlier in response perceived threats 
(Blumstein, 2014). Some species also form flocks, which reduces in-
dividual risk due to collective vigilance, predator confusion, or risk 
dilution (Beauchamp, 2003; Pulliam, 1973; Roberts, 1996), result-
ing in decreased vigilance for individual birds within larger flocks 
(“group size effect”; Beauchamp, 2003). Finally, birds may “eaves-
drop” on certain nearby heterospecifics— dubbed “sentinels”— that 
are particularly effective at detecting predators (e.g., Black- capped 
Chickadees [Poecile atricapillus] initiate mobbing calls in the pres-
ence of a predator that other species respond to; Lilly et al., 2019; 
Templeton & Greene, 2007). Importantly, these antipredator be-
haviors are flexible, often being expressed differently in safe versus 

risky environments (e.g., open habitats; Griesser & Nystrand, 2009; 
Ware et al., 2015) and in response to changes in cost– benefit trade- 
offs (e.g., favoring food acquisition in resource- poor environments 
or seasons Lima, 1987; Lima & Dill, 1990).	Any	reduction	in	perceived	
predation risk may lead to a subsequent reduction in antipredator 
behavior for prey and an increase in habituation if the predator is 
considered absent, inefficient, or repeated encounters result in non-
lethal exposures (Cooper & Wilson, 2007; Shettleworth, 2009).

In urban areas, predation pressure is often reduced due to a 
more diverse and abundant prey base and the presence of supple-
mental food sources (Fischer et al., 2012). For birds, there is mount-
ing evidence that a decline in predation risk by native predators can 
produce reduced antipredator responses to predator cues. For ex-
ample, flight initiation distance is an often- used measure of sensitiv-
ity to disturbance and predation risk, and several studies have shown 
that birds show shorter flight initiation distances (i.e., increased tol-
erance to predation risk) in urban compared with rural areas (Díaz 
et al., 2013; Møller, 2008; Møller et al., 2013, 2015). Similarly, in 
a meta- analysis of birds, mammals and lizards, Samia et al. (2015) 
found that birds occupying urban areas were more tolerant of dis-
turbance than their suburban or rural counterparts. Consequently, 
species occupying urban areas are thought to be bolder, more habit-
uated to disturbance and less responsive to predation risk.

In recent years, many predators, once rare or extirpated from 
urban areas, are beginning to colonize and persist in urban land-
scapes.	 Across	 North	 America,	 sharp-	shinned	 (A. striatus) and 
Cooper's	 hawks	 (A. cooperii) were once considered sensitive to 
human disturbance, forest loss, and urbanization (Rosenfield, 2018), 
but over the last half century, hawk populations recovered and 
began colonizing urban areas (Rosenfield et al., 2020). The mod-
ern colonization of hawks in urban areas is presumably a response 
to	high	concentrations	of	 their	preferred	prey	 (e.g.,	American	rob-
ins [Turdus migratorius] and European starlings [Sturnus vulgaris]) 
in cities (Boal & Dykstra, 2018; Estes & Mannan, 2003; McCabe 
et al., 2018; Rosenfield et al., 2020). Once established in urban land-
scapes, hawks can reach higher densities, produce larger clutches, 
and switch to a more specialized diet of larger prey birds than in 

6. By deploying a behavioral experiment, we found that backyard birds inhabiting 
urban landscapes largely maintained antipredator behaviors of increased vigi-
lance and decreased foraging in response to predator cues. Experimentation in 
citizen science poses challenges (e.g., observation bias, sample size limitations, 
and reduced complexity in protocol design), but unlike programs focused solely 
on observational data, experimentation allows researchers to disentangle the 
complex factors underlying animal behavior and species interactions.
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rural habitats (Estes & Mannan, 2003; Rosenfield et al., 1995). Over 
two decades, hawks colonizing urbanized areas in Chicago were able 
to persist in areas even with low tree cover as long as those areas 
supported high abundances of backyard birds (McCabe et al., 2018). 
Accipiter	 hawks	 typically	 rely	 on	 perch-	and-	scan	methods	 to	 find	
prey (Roth II & Lima, 2003), and as such, urban backyards offer prime 
hunting grounds (Figure 1a). For urban- dwelling birds, the dual ef-
fect of increased tolerance to disturbance and the increasing prev-
alence of natural predators offers a unique setting for exploring the 
consistency of predator– prey interactions.

Predator– prey interactions are complex, and thus experimenta-
tion (rather than observation) is crucial to understand antipredator 
behavior (Fraser et al., 2013; Smith et al., 2020). Citizen science— the 
involvement of the public in the collection and analysis of data re-
lated to the natural world— has revolutionized ecological research in 
recent decades (Cooper, 2016; Dickinson et al., 2010). While citizen 
science has greatly expanded the scale of scientific data collection, 
citizen scientists typically collect observational data. For example, 
many citizen- science programs (e.g., eBird) rely on observers to re-
cord their observations of organisms in a given location and time (e.g., 
Sullivan et al., 2009); while these data can reveal important ecologi-
cal insights, inferring causation from such observational data is chal-
lenging.	An	emerging	opportunity	in	citizen	science	is	experiments	
in which volunteers deploy treatments and record corresponding 
outcomes (Gracanin et al., 2020; Kaartinen et al., 2013). For exam-
ple, Kaartinen et al. (2013) enlisted hundreds of citizen scientists 
and dozens of cattle farms across Finland to set up exclusion exper-
iments to study rates of decomposition of cattle dung in pastures 
and found that the largest- bodied taxon of beetles accounted for 
a majority (61%) of invertebrate- caused dung decomposition. Such 
efforts could allow researchers to move beyond occurrence records 
and use data collected by volunteers to address complex biological 
phenomena such as species interactions and how those interactions 
change	in	human-	modified	landscapes	(Acuto	&	Parnell,	2016; Gao 
&	O'Neill,	2020; Seto et al., 2010).

Here, we demonstrate the potential for citizen- science exper-
iments to elucidate complex predator– prey interactions in urban 

backyards. Our goal was to develop a novel citizen- science exper-
iment to evaluate whether songbirds retain antipredator behaviors 
in urban settings. We hypothesized that body mass, the presence of 
sentinel species, surrounding impervious surface cover (a measure 
of urbanization), tree canopy cover, and flock size mediate an indi-
vidual's	 antipredator	 behavior.	 Specifically,	 if	 urban-	dwelling	 birds	
maintain their antipredator defenses, we predicted that, when ex-
posed to a predatory cue, individual birds would be less vigilant (less 
responsive) in more urban landscapes, in larger flocks, closer to vege-
tative cover, and when a sentinel species was present. Moreover, we 
expected that larger species would be more vigilant to predation risk 
as they have higher sensitivity to potential threats (Blumstein, 2014) 
and are the preferred prey of Accipiter hawks. We evaluated these 
hypotheses via an experiment in which volunteers broadcast calls 
of	Cooper's	hawks	and	recorded	the	behavioral	responses	of	their	
backyard	birds.	We	conducted	our	 study	 in	Chicago,	 Illinois,	USA,	
a major metropolitan area that has experienced recolonization by 
Accipiter hawks in recent decades (McCabe et al., 2018).

2  |  MATERIAL S AND METHODS

2.1  |  Site selection: Project FeederWatch

We studied the antipredator behavior of feeder birds at 15 locations 
in the greater Chicago, Illinois area for two winter seasons (2016– 
2017 and 2017– 2018; Figure 1). We solicited participants from 
volunteers enrolled in Project FeederWatch, a citizen science pro-
gram operated by the Cornell Lab of Ornithology and Bird Studies 
Canada (www.feede rwatch.org). The program is designed to study 
changes in the distribution and abundance of birds in winter across 
North	America.	Briefly,	program	participants	 record	 the	maximum	
number of each species they see at their feeding stations (hereafter 
sites)	during	a	2-	day	count	from	early	November	to	late	April	(Wells	
et al., 1998).	At	the	start	of	the	two	focal	seasons,	we	emailed	a	pro-
ject	description	to	all	FeederWatch	participants	living	within	100 km	
of	Chicago's	city	center.	We	chose	Chicago	because	of	its	relatively	

F I G U R E  1 Map	depicting	the	fifteen	
Project FeederWatch sites where citizen 
scientists collected behavioral data in 
Chicago, IL. Percent tree canopy cover is 
displayed on left (darker colors indicates 
a higher percentage of tree canopy cover) 
and percent impervious surface cover is 
shown on right (darker colors indicates 
a higher percentage). Hawk photo by 
Jim Culp, www.flickr.com/photo s/jimcu 
lp/49380	148093.

http://www.feederwatch.org
http://www.flickr.com/photos/jimculp/49380148093
http://www.flickr.com/photos/jimculp/49380148093
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high FeederWatch participation rate and its recent colonization of 
Cooper's	 and	Sharp-	shinned	Hawks	 (McCabe	et	 al.,	2018). Of the 
55 and 137 participants emailed each year, 6 and 10 participated in 
the experiment, respectively (with one participant participating in 
both years).

2.2  |  Stimuli and experimental procedure

While there are diversity of approaches for measuring antipredator 
behaviors in birds (e.g., decoys, flight initiation distance), we used 
an	audio	playback	experiment	using	 a	Cooper's	hawk	call.	A	play-
back experiment allowed us to maintain a consistent predator cue 
that	could	be	easily	deployed	by	citizen	scientists.	Further,	Cooper's	
hawk calls are simple in structure, stereotyped, and have been used 
previously	for	eliciting	antipredator	responses	in	passerines	(Akçay	
et al., 2016; Pettinga et al., 2016; Schmidt et al., 2008). We sent 
FeederWatch volunteers a playback experiment kit that consisted 
of a digital voice recorder, tripod, and a remote- controlled speaker 
(FoxPro) with pre- loaded audio tracks, which emitted either a preda-
tor	call	(Cooper's	hawk)	or	a	control	call	of	a	nonthreatening	song-
bird	common	in	Chicago,	the	American	goldfinch	(Spinus tristis). We 
obtained representative vocalizations from the Macaulay Library at 
the Cornell Lab of Ornithology. Each audio track— hawk (predator) 
and	goldfinch	(control)—	was	15 min	long	and	consisted	of	three	pe-
riods, as follows: (1) pre- playback, 5 min of silence; (2) playback, 5 
min	alternating	between	5	seconds	of	the	call	stimulus	and	25 sec-
onds of silence; and (3) post- playback, 5 min of silence (Figure 2). 
We preset the speakers to broadcast tracks at 80 db SPL measured 
at	1	m	(BAFX	Products	decibel	meter;	Akçay	et	al.,	2016; Pettinga 
et al., 2016; Schmidt et al., 2008).

We instructed participants to place the speaker on the fully 
extended tripod (1.5 m) above ground level, near vegetative cover, 
and approximately 10 m from their feeder. We selected 10 m be-
cause it likely approaches the closest range at which a hawk would 
be perceived audibly by songbirds rather than visually (Pettinga 
et al., 2016). However, limited space in some backyards required that 
some speakers be placed closer than 10 m (mean = 9 m, min = 5 m, 
max =	12 m).

2.3  |  Data collection

The experiment consisted of two playback types (hawk and gold-
finch) completed within a two- day period, approximately twice a 
month. On the first day, the participant would flip a coin to decide 
which playback type to conduct first. On the second day, the partici-
pants started with the opposite playback type.

During each playback, participants recorded two forms of data: 
flock sizes and focal individual behavioral observations (Figure 2). 
Participants recorded flock size (the maximum number of each spe-
cies seen at the feeder) before and after each period and focal be-
havioral data during each of the three periods (Figure 2).	Although	

many	factors	influence	an	individual's	vigilance	in	a	flock	(e.g.,	food	
quantity and quality, age and dominance, competition, and distance- 
to- neighbor; Beauchamp, 2008), flock size is thought to mediate 
individual responses to predation risk and is readily measured by 
citizen scientists.

We employed a focal- switch observation approach (Losito 
et al., 1989). For focal behavioral data collection, participants 
watched	an	individual	bird	for	approximately	30 s	and	recorded	the	
bird's	activities	 into	a	handheld	voice	 recorder.	Throughout	 the	5-	
min	observation	period	 (15 min	for	 the	three	observation	periods),	
participants observed as many individuals as possible. If few birds 
were present, they repeated observations on the same individual. 
Participants recorded four focal behaviors: flying from feeder, freez-
ing, head up, and pecking. Flight from the feeder was broken into 
three additional categories: flying within the feeder area, flying to 
cover within the feeder area, or flying away.

Participants submitted their voice- recorded behavioral observa-
tions and flock size datasheets on a regular basis. We processed the 
voice- recorded observations and transcribed— for each focal bird— 
the species, playback type (hawk or goldfinch), period it was ob-
served (pre- playback, playback, and post- playback), number of each 
behavior, time of day to the nearest hour, and observation duration.

We were also interested in whether antipredator behaviors var-
ied by (1) the presence of a sentinel species, (2) flock size, (3) body 
mass,	 (4)	amount	of	protective	cover	near	the	feeder,	and	 (5)	 level	
of urbanization surrounding the site. To evaluate the effect of sen-
tinel species, we derived a binary variable indicating whether or 
not a black- capped chickadee was present or absent or all periods 
within each playback experiment. Chickadees function as sentinels 
by producing antipredator mobbing calls that elicit strong responses 
in other species (Hurd, 1996; Turcotte & Desrochers, 2002). In cal-
culating the presence of a sentinel species and flock size, we used 
the flock counts from before each playback period to characterize 
conditions at the start of each period. We obtained species- specific 
body mass (grams) from The Sibley Guide to Birds (Sibley, 2000). 
Finally,	we	calculated	percentages	of	canopy	cover	within	100 m	of	
sites and impervious cover within 3 km of sites from The National 
Land Cover Database (Coulston et al., 2012; Homer et al., 2015; Jin 
et al., 2013; Song, 2005; Xian et al., 2011) as proxies for the amount 
of protective cover near feeders and the level of urbanization within 
the surrounding landscape, respectively.

2.4  |  Statistical analysis

Based on our hypotheses, we constructed 12 models to explore 
variation in antipredator behavior of feeder birds in relation to per-
ceived predation risk, presence of a sentinel species, body mass, 
flock size, amount of protective cover, and amount of urbaniza-
tion surrounding the sites (Table 1). We restricted analyses to spe-
cies with at least 10 behavior observations. We then used model 
selection	 (Burnham	&	Anderson,	2002; Hurvich & Tsai, 1989) to 
determine which predictors best explained antipredator behavior. 
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We fit the same candidate models in two separate analyses for 
(1) proportion of behaviors that were head up (hereafter “vigilant” 
models) and (2) proportion of behaviors that were pecking (here-
after “foraging” models) as response variables. We calculated the 
proportion of a given behavior as the number of times a bird dis-
played that behavior (e.g., had its head up) divided by the total 
number of behaviors that were counted for that individual during 
the observation period. Of the four behaviors recorded, head up 
(vigilance) and pecking (foraging) comprised 76% of the total be-
haviors observed. Moreover, there were few instances in which 
an individual flew from a feeder and returned during the duration 
of the observation. Consequently, the flying- from- feeder behavior 
was rarely counted multiple times per individual. Therefore, we 
restricted analysis to vigilance and foraging behaviors. However, 
we used all behaviors to calculate the proportion of vigilance and 
foraging.

We fit generalized linear mixed- effects models with a binomial 
distribution and logit link function for all models (Zuur et al., 2009). 
The dependent variable (proportion of either vigilance or foraging 

behavior) was weighted by the total number of behaviors observed 
during each focal bird observation. We fit models using the R pack-
age lme4 (Bates et al., 2015). Every model— including the null model— 
contained predictors for time of day, daily mean temperature, year, 
and observation duration, as well as random effects for species (to 
control for interspecific differences) and site (to control for unmod-
eled variation among sites and participant). For all sites, we obtained 
daily	 mean	 temperature	 (°C)	 for	 Chicago's	 O'Hare	 airport	 from	
Weather Underground (https://www.wunde rgrou nd.com/history). 
We standardized all continuous predictors by dividing their means 
by one standard deviation.

To test our hypotheses, we used a series of additive effects and 
two-  and three- way interactions between playback type (hawk or 
goldfinch), period, and each of the five focal predictors. Specifically, 
the model set contained: (1) one model with the two- way interac-
tion between playback type and period; (2) five models, each with 
the two- way interaction and one additive effect of sentinel species, 
body mass, flock size, tree cover, or urbanization, (3) five models, 
each with a three- way interaction between playback type, period, 
and	one	of	the	five	predictors;	and	(4)	a	null	model,	containing	only	
the control variables (Table 1).

We	 used	 AICc	 to	 rank	 models	 based	 on	 their	 ability	 to	 ex-
plain	 variance	 in	 the	 data,	 and	 used	 Akaike	 weights	 (wi) to esti-
mate relative likelihood of each model given the data (Burnham & 
Anderson,	2002).	We	 considered	models	with	 differences	 in	AICc 
values (ΔAICc) < 2.0	to	be	equivalent	(Burnham	&	Anderson,	2002). 
We used the “Wald” method to calculate 95% confidence intervals 
around parameter estimates from the top model for each of the two 
model sets. Parameter estimates that did not overlap zero were con-
sidered significant. Lastly, for any top model containing the two- way 
interaction between playback treatment and period, we ran multi-
ple comparison post- hoc Tukey tests to further explore the effect of 
playback treatment and period on feeder bird behavior.

3  |  RESULTS

During the 2016– 2017 and 2017– 2018 winter seasons, participants 
from	 15	 sites	 counted	 1194	 flocks	 and	 recorded	 behaviors	 from	
3891 individual observations across 22 species; there were multiple 
observations per flock and occasionally per individual for cases in 
which there were no other birds available to be observed.

F I G U R E  2 Representation	of	one	
experiment. During each period, 
observers made behavioral observations 
for	30 s	on	individual	birds;	observers	
counted flock size before and after each 
period.

TA B L E  1 The	12	candidate	models	tested	for	the	proportion	of	
vigilant behavior

Model ΔAICc K wi

Period × Playback × Flock size 0 18 1

Period × Playback + Flock size 14.70 13 0

Period × Playback 16.44 13 0

Period × Playback + Mass 17.05 13 0

Period × Playback + Sentinel 18.35 13 0

Period × Playback + Impervious surface 
(3 km)

18.37 13 0

Period × Playback +	Canopy	cover	(100 m) 18.43 13 0

Period × Playback × Mass 19.78 18 0

Period x Playback × Sentinel 21.32 18 0

Period × Playback × Impervious surface 
(3 km)

22.12 18 0

Period × Playback ×	Canopy	cover	(100 m) 21.86 18 0

Null 33.76 7 0

Note:	All	models—	including	the	null—	included	control	variables	for	time	
of day, temperature, year, and observation duration, as well as random 
effects for species and site. Bold indicates the top model. K = number	of	
parameters and w = weight	of	evidence.

https://www.wunderground.com/history
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Across	all	playback	periods,	backyard	birds	showed	greater	vig-
ilance later in the day and less vigilance during colder temperatures 
(Table S1). In addition, across all periods birds within larger flocks were 
generally less vigilant (Table S1), but this changed during the playback 
experiment (see below). The top- ranked vigilance model contained 
the three- way interaction between playback treatment, period, and 
flock size (w = 1.0, Table 1). Birds were more vigilant during the hawk 
playback than any other treatment– period combination (Figure 3a), 
and birds showed no difference in vigilance during the goldfinch 
call (Figure 3a). The effect of flock size varied across playback type 
and playback period, and birds within larger flocks were more vig-
ilant during the hawk playback (Figure 3b).	After	 playback,	 vigilant	
behavior dropped slightly below pre- playback levels for the hawk call, 
especially for birds in larger flocks (Figure 3b), and showed no clear 
relationship with flock size for the goldfinch call (Figure 3b). We did 
not find effects of sentinel species or surrounding cover (impervious 
surface or tree canopy cover) on vigilance (Table 1).

The top- ranked foraging model contained the three- way inter-
action between playback type, period, and body mass (w = 0.99; 
Table 2). We found strong support that the playback type and period 

interaction had an effect on foraging (Figure 4; Table 2). During the 
hawk call, birds spent less time foraging than any other playback 
type– period combination (Figure 4a). Birds were slightly less likely 
to forage during the goldfinch call compared with the pre- playback 
period, but not significantly (Figure 4a). Finally, we found support 
for a two- way interaction between body mass and playback period 
as larger- bodied birds were less likely to forage during the playback 
and post- playback periods, especially during hawk calls (Figure 4b). 
Similar to vigilance, there was a positive effect of observation dura-
tion on the proportion of foraging observed (Table S2). We did not 
find any support for the effects of sentinel species or surrounding 
cover (impervious surface or tree canopy cover) on foraging (Table 2)

4  |  DISCUSSION

Our goal was to demonstrate the potential for citizen scientists to 
deploy an experiment focused on the antipredator behavior of back-
yard birds. By engaging participants from an established citizen sci-
ence program (Project FeederWatch), we experimentally explored 
bird antipredator behaviors in response to cues from a native preda-
tor that has been rapidly colonizing urban and suburban landscapes 
throughout	North	America.	Citizen	scientists	collected	nearly	4000	
individual antipredator behaviors across 22 bird species within an 
urban environment. Generally, our broader hypothesis that back-
yard birds in human- modified landscapes maintained antipredator 
behaviors was supported; backyard birds were more vigilant and for-
aged less during the hawk playback and showed little to no response 
to the goldfinch (control) call. Despite evidence from other studies 
that urban birds showed higher tolerance to predation risk compared 

F I G U R E  3 (a)	Across	all	bird	species,	vigilance	showed	no	
change during the playback of the goldfinch call, but vigilance 
increased significantly during the hawk playback. (b) The increase 
in vigilance in response to the hawk playback was higher in larger 
flocks but declined significantly in larger flocks post- playback. Error 
bars in (a) and gray ribbons in (b) represent the standard errors.

TA B L E  2 The	12	candidate	models	tested	for	the	proportion	of	
foraging behavior

Model ΔAICc K wi

Period × Playback × Mass 0 18 0.99

Period × Playback × Flock size 9.47 18 0.01

Period × Playback + Flock size 13.56 13 0

Period × Playback ×	Canopy	cover	(100 m) 16.56 18 0

Period × Playback 18.03 12 0

Period × Playback × Impervious surface 
(3 km)

19.35 18 0

Period × Playback + Mass 19.45 13 0

Period × Playback + Impervious surface 
(3 km)

19.73 13 0

Period × Playback + Sentinel 19.91 13 0

Period x Playback × Sentinel 21.71 18 0

Period × Playback +	Canopy	cover	(100 m) 67.26 12 0

Null 89.75 7 0

Note:	All	models—	including	the	null—	included	control	variables	for	time	
of day, temperature, year, and observation duration, as well as random 
effects for species and site. Bold indicates the top model. K = number	of	
parameters and w = weight	of	evidence.
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with their rural counterparts (Møller et al., 2013; Samia et al., 2015), 
our behavioral experiment indicates that many of these critical anti-
predator behaviors persist.

Many of the backyard birds in our playback experiment dis-
played increased vigilance and decreased foraging in response to 
the hawk call, but these responses varied across flock and body 
sizes. While we had expected that individual birds in larger flocks 
would be less responsive to a predator cue due to a group size effect 
(Beauchamp, 2008; Elgar, 1989; Xu et al., 2013), we found that birds 
within larger flocks were more	vigilant	during	the	hawk	playback.	An	
increase in vigilance for individuals within larger flocks may suggest 
that individuals mimic the vigilance behaviors of their flockmates. 
We did, however, detect slightly less vigilance in larger flocks after 
the hawk playback, suggesting that the group size effect may allow 
individual birds to more quickly resume typical behavior following 
exposure to a predator. Body size is considered a strong predictor of 
species vulnerability to disturbance, and larger- bodied birds gener-
ally detect potential predators at greater distances and are more re-
sponsive to disturbance (Bennett & Owens, 2002; Blumstein, 2014). 
In our experiment, larger- bodied species were more responsive and 
spent significantly less time foraging during the hawk playback. 
Cooper's	hawks	primarily	prey	on	such	larger-	bodied	birds;	in	studies	

of urban hawk diets, the majority of prey consumed were European 
starlings, mourning doves (Zenaida macroura), and rock pigeons 
(Columba livia; Cava et al., 2012; Roth II & Lima, 2003). Consequently, 
it would appear that these larger- bodied birds are more sensitive to 
a predator cue. Notably, for both vigilance and foraging, we did not 
find compelling evidence that antipredator behaviors were mediated 
by the presence of a sentinel species, canopy cover, or urbanization 
levels.

Citizen science has become an essential ecological research tool 
of the 21st century (Cooper et al., 2014). The biological data col-
lected by citizen scientists has opened new avenues of scientific 
study, but citizen science typically entails the collection of observa-
tional data. There are good reasons for an emphasis on observational 
data, as citizen science programs must balance recruiting a large 
number of participants (often thousands or more) with establishing 
sampling protocols and technologies that are efficient and easy to 
use. However, experimental ecology offers the potential to isolate 
causes underpinning behavioral outcomes by applying treatments 
under similar conditions (Cooke et al., 2017).

Our study demonstrates that citizen scientists are capable of 
conducting ecological experiments, but it is clear that the protocols 
must be efficient, repeatable, and easy to implement. Many citizen 
science programs are considered big data initiatives that must ac-
count for data volume, velocity, and variety (Bonter & Cooper, 2012; 
La Sorte et al., 2018). Citizen- science programs spend considerable 
time designing collection protocols and adapting technological ad-
vancements (e.g., smartphones, online crowdsourcing) to increase 
data volume and engage new audiences (Newman et al., 2012). 
Different from more traditional programs, citizen- science experi-
mentation has unique challenges. Our playback experiment required 
sending specialized equipment to participants, and we were com-
pelled to simplify protocols upon receiving input from participants. 
In addition, our reliance on an established citizen science program 
may have restricted our ability to reach communities that are histor-
ically under- represented in citizen science (Pandya, 2012).	Although	
data volume is less of a concern for experimentation due to the en-
gagement of fewer participants, the processing of auditory data and 
classification was time- intensive and could limit scalability. Finally, 
the granularity of the response data (e.g., behavioral data vs. species 
occurrences) likely introduces new sources of observation bias and 
misinterpretations that are difficult to assess and fully evaluate.

An	 important	 aspect	 of	 this	 study	 is	 the	 engagement	of	 citi-
zen scientists in urban ecology. Projections suggest that 68% of 
the	 world's	 population	 will	 live	 in	 urban	 areas	 by	 2050	 (United	
Nations, 2019) and urbanized land is increasing more quickly than 
all other land cover types (Pickett et al., 2011), yet urban audi-
ences are underserved by most existing citizen science programs 
(Cooper et al., 2007). Urban- focused research is underrepre-
sented	 in	 ecology	 (just	0.4–	6%	of	 the	ecology	 literature;	Collins	
et al., 2000; Martin et al., 2012; Miller & Hobbs, 2002), but the 
use of citizen science experimentation offers a unique platform 
for increasing scientific literacy and education while increasing 
ecological knowledge in urban settings. Finally, expanding citizen 

F I G U R E  4 (a)	Birds	reduced	their	foraging	behavior	during	the	
hawk playback period. (b) The reduction in foraging behavior was 
strongest for larger birds being exposed to hawk playback. Error 
bars in (a) and gray ribbons in (b) represent the standard errors.
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science experimentation may confer broader societal benefits, 
since	participating	in	citizen	science	often	increases	participants'	
engagement and trust in science (Fernandez- Gimenez et al., 2008; 
Lewandowski & Oberhauser, 2017) and improves their sense of 
well- being (Bell et al., 2008; Schuttler et al., 2018).
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