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Territorial species are often predicted to adhere to an ideal despotic distribution and under-match local food resources, meaning that 
individuals in high-quality habitat achieve higher fitness than those in low-quality habitat. However, conditions such as high density, 
territory compression, and frequent territorial disputes in high-quality habitat are expected to cause habitat quality to decline as popu-
lation density increases and, instead, promote resource matching. We studied a highly human-subsidized and under-matched popula-
tion of Steller’s jays (Cyanocitta stelleri) to determine how under-matching is maintained despite high densities, compressed territories, 
and frequent agonistic behaviors, which should promote resource matching. We examined the distribution of fitness among individuals 
in high-quality, subsidized habitat, by categorizing jays into dominance classes and characterizing individual consumption of human 
food, body condition, fecundity, and core area size and spatial distribution. Individuals of all dominance classes consumed similar 
amounts of human food and had similar body condition and fecundity. However, the most dominant individuals maintained smaller core 
areas that had greater overlap with subsidized habitat than those of subordinates. Thus, we found that (1) jays attain high densities in 
subsidized areas because dominant individuals do not exclude subordinates from human food subsidies and (2) jay densities do not 
reach the level necessary to facilitate resource matching because dominant individuals monopolize space in subsidized areas. Our 
results suggest that human-modified landscapes may decouple dominance from fitness and that incomplete exclusion of subordinates 
may be a common mechanism underpinning high densities and creating source populations of synanthropic species in subsidized 
environments.

Key words: Cyanocitta stelleri, density dependence, fitness, habitat selection, human food subsidy, ideal despotic distribution, 
resource under-matching, Steller’s jay.

INTRODUCTION
Ecological theory predicts that the distribution of  individuals in 
landscapes with heterogeneously distributed food resources is a 
function of  habitat selection strategies, mediated by social system 
(Fretwell and Lucas 1969). For territorial species, habitat selection 
is often influenced by unequal competitive abilities, and organisms 
are predicted to adhere to an ideal despotic distribution (Fretwell 
1972; Calsbeek and Sinervo 2002). Under an ideal despotic dis-
tribution, dominant (“despotic”) individuals exclude subordinates 
from high-quality habitat containing relatively abundant food re-
sources, compelling them to instead use lower-quality habitat with 
fewer food resources. In these situations, territorial exclusion is pre-
dicted to result in the under-exploitation of  food resources in high-
quality habitat (i.e., resource under-matching) such that individual 
fitness is greater in high- than in low-quality habitat (Fretwell 1972; 

Kennedy and Gray 1993). Under this scenario, the most dominant 
individuals are predicted to secure the highest quality territories 
and gain a fitness benefit from doing so (Carpenter and MacMillen 
1976; Gill and Wolf  1977; Calsbeek and Sinervo 2002).

The predictions of  the ideal despotic distribution and resource 
under-matching have held for some territorial species (Andren 
1990; Lin and Batzli 2001; Calsbeek and Sinervo 2002), but cer-
tain conditions can lead to the breakdown of  the ideal despotic 
distribution and instead promote resource matching. Territoriality, 
a prerequisite of  the ideal despotic distribution, can break down 
when food resources are abundant and the cost of  defending them 
outweighs the benefit gained by excluding subordinates (Carpenter 
and MacMillen 1976; Hixon 1980). Additionally, high densities 
of  competitors can lead to territory compression (or “shrinkage”) 
and to more frequent territorial disputes, which can reduce in-
dividual fitness in purportedly high-quality habitat (i.e., under-
matching; Pusenius and Schmidt 2002; Ridley et al. 2004; Haché 
et al. 2013). Both of  these processes could lead to departures from 
the expectations of  the ideal despotic distribution and instead 
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promote resource matching, where habitat quality declines as pop-
ulation density increases until fitness becomes equivalent between 
high- and low-quality habitats (Pulliam and Caraco 1984; Fagen 
1987; Tregenza 1995). Thus, the defensibility of  resources plays 
a key role in determining the extent to which social systems, and 
specifically territoriality, shape the distribution and fitness of  indi-
viduals. While the classic concept of  the ideal despotic distribution 
may sometimes be unrealistic for natural populations (Kennedy 
and Gray 1993), it provides a useful starting point for testing ideas 
about how the distribution of  resources facilitates habitat selection 
strategies and the distribution of  organisms, especially in human-
modified systems.

Human food subsidies are one example of  an often abundant 
and stable resource that may be difficult to defend and could af-
fect habitat selection and the distribution of  fitness. Human food 
subsidies are a global phenomenon with myriad ecological and evo-
lutionary consequences for biodiversity (Oro et al. 2013; Newsome 
et al. 2015). Landscapes that are highly influenced by human ac-
tivity are often an abundant source of  such subsidies (Marzluff and 
Neatherlin 2006; Oro et al. 2013), which can alter territorial beha-
vior (Evans et al. 2010; Scales et al. 2011; Hardman and Dalesman 
2018), social systems (McGowan 2001; Václav et al. 2003; Robb 
et al. 2008), and space use (O’Donnell and DelBarco-Trillo 2020). 
Human food subsidies also commonly promote high densities of  
synanthropic species (Marzluff et al. 2001; Prange et al. 2003; 
Shochat 2004). In some cases, subsidies can improve the fitness of  
species (Tortosa et al. 2002; Olea and Baglione 2008), but land-
scapes with human food subsidies can also function as “ecological 
traps” where abundant human “junk food” holds little nutritional 
value and is, thus, a poor indicator of  habitat quality (Gates and 
Gysel 1978; Schlaepfer et al. 2002). In this situation, areas with 
abundant food subsidies and high population densities could result 
in increased competition and subsequently low individual fitness 
(Marzluff et al. 2001; Shochat 2004). Because synanthropes often 
utilize human food subsidies, they can provide valuable opportun-
ities for understanding how human subsidies affect habitat selec-
tion and social systems and, ultimately, influence individual and 
population-level fitness.

Here, we studied a population of  Steller’s jays (Cyanocitta stelleri), 
a common territorial and synanthropic bird species in the forests 
of  western North America, that are under-matched to abundant 
human food resources in subsidized habitats (i.e., campgrounds). 
In this system, average body condition and fecundity are higher in 
subsidized campground areas than unsubsidized habitats away from 
campgrounds (West and Peery 2017). Subsidies also promote high 
survival of  both adults and juveniles such that campgrounds act as 
a population source for jays (West et al. 2019). However, resource 
under-matching in this system is contrary to expectations, as excep-
tionally high population density, compressed and overlapping territo-
ries, and frequent agonistic interactions between jays (West and Peery 
2017) should theoretically reduce the benefit of  settling in resource-
rich environments and facilitate similar fitness outcomes between 
subsidized and unsubsidized habitats (Ridley et al. 2004; Shochat et 
al. 2006). Additionally, Steller’s jays typically exhibit incomplete terri-
toriality, in which individuals are most dominant at the center of  their 
territory and less dominant towards the periphery (Brown 1963), and 
this social system may promote departures from the expectations of  
the ideal despotic distribution and resource under-matching.

To understand how resource under-matching persists in this 
system, we assessed how individual subsidy consumption, fitness, 
and space use varied as a function of  social dominance within 

high-quality, subsidized habitat. Because previous studies demon-
strated that areas with abundant human food subsidies constitute 
high-quality habitat for Steller’s jays rather than an ecological 
trap (West and Peery 2017; West et al. 2019), we posited two al-
ternative hypotheses for how under-matching could be main-
tained, while population-level fitness remained high. Under the 
“many losers” hypothesis, we predicted that socially dominant 
individuals were sufficiently effective at monopolizing food re-
sources such that they, individually, achieved such high fecundities 
that population-level reproductive rates were high in subsidized 
habitats. Under this hypothesis, we predicted that socially domi-
nant individuals would eat more human foods, achieve elevated 
body condition and fecundity, and hold smaller territories than 
subordinate individuals. Alternatively, under the “many winners” 
hypothesis, we predicted that dominant individuals would not be 
effective at excluding subordinates from food resources and that 
observed high population-level reproductive rates were the re-
sult of  high individual fecundities that were similar across social 
classes. Under this hypothesis, we predicted similar human food 
consumption, fitness, and space use among dominance classes. 
Testing these hypotheses helps to elucidate mechanisms pro-
moting the commonly observed phenomenon of  high densities of  
synanthropic species in human-dominated, subsidized landscapes. 
Furthermore, as the impacts of  human food subsidies are unlikely 
to diminish in the future, understanding how habitat selection 
strategies and social systems are modified under their influence 
is important for conservation and predicting wildlife distributions.

MATERIALS AND METHODS
Study system and sampling

We studied populations of  Steller’s jays in two campgrounds within 
Big Basin Redwoods State Park, Santa Cruz County, California 
(hereafter Big Basin; Figure 1), to test our hypotheses about re-
source under-matching. Because of  the availability of  human food 
subsidies and previously established high fitness of  jays utilizing 
campground areas, we considered campgrounds to be high-quality 
habitat and surrounding forest areas to be of  lower quality (West 
and Peery 2017; West et al. 2019). We collected data during three 
breeding seasons, mid-May—mid-August, in 2017, 2018, and 
2019. We captured and banded jays with unique color combin-
ations for individual recognition and to assess individual fitness (see 
next sections). We used call playback and a combination of  mist 
nets (Avinet Research Supply) and live traps (Havahart and home-
made) to capture jays during all 3 years of  the study. To charac-
terize jay space use, we also deployed radio transmitters (Model 
A1070, Advanced Telemetry Systems) on jays using backpack-style 
harnesses made of  0.1″ natural tubular spectra tape (Bally Ribbon 
Mills) in each year of  the study. Handling time was kept to a min-
imum (usually <5  min, slightly longer for birds receiving radio 
tags), and samples taken are discussed in the subsequent sections. 
All appropriate guidelines for humane and ethical use of  animals in 
research were followed, and research was conducted under IACUC 
protocol A005411-R01-A01 and scientific collection permit 
SC-13714. To the best of  our knowledge, no Steller’s jays were in-
jured or died as a result of  our activities.

To examine jay space use, we tracked each radio-tagged jay to 
determine their precise location (± 10 m) 25–35 times per season. 
We allowed at least 2 h between relocations of  the same individual 
to ensure independence between relocations (Swihart and Slade 
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1985), and we varied the time of  day during which we tracked indi-
viduals. We also collected roost locations (between 2200 and 0300) 
to ensure that we fully characterized jay home ranges. We tracked 
birds by searching on foot with telemetry equipment and marked 
jay locations using a handheld GPS unit. Observations of  jays and 
jay behavior throughout the breeding season allowed us to assess 
the breeding status of  jays and determine the identities of  socially 
monogamous jay pairs. We only used male jays for these analyses 
because female jays are generally subordinate to males (Brown 
1963), and our sample size of  uniquely identified females did not 
allow dominance assessment.

Defining dominance classes

We classified jays into dominance classes by conducting controlled 
feeding trials (hereafter “behavior trials”) at picnic tables. Because 
jays have site-based dominance where territorial defense typically 
weakens as distance from the nest site increases (Brown 1963), we 
determined a dominance ranking of  jays at individual picnic ta-
bles dispersed throughout the entire campground to ensure we fully 
captured spatial variation in dominance for each individual. During 
each trial, we placed approximately 10 peanuts at the center of  a 
picnic table and then observed jays as they interacted with con-
specifics to exploit the food source (Brown 1963; West and Peery 
2017). We recorded every banded individual present at each trial, 
the winner and loser of  each interaction, and the aggression level 
of  each interaction on a 0–5 scale. An aggression level of  zero in-
dicated that individuals did not interact when feeding at the same 
time on a table, and so no winner was recorded. Aggression levels 
were defined as follows: 1: one jay wing-flapped and vocalized with 
an “aap” or “wek” call at another; 2: one jay displaced another; 
3: one jay chased another; 4: jays aggressively sidled with one an-
other but did not make contact; 5: jays physically fought with one 
another (West and Peery 2017). We evaluated the results of  be-
havior trials to determine the most dominant bird at each table. 

To be considered dominant at a table, an individual had to win at 
least three interactions at that table. At each table, an individual 
was considered dominant if  it won the most interactions at that 
table or if  it always won interactions against the bird that won the 
most interactions. In cases where there was not a consistent winner 
between two individuals that consistently won against all other in-
dividuals, or where consistent winners did not interact with one 
another, we classified the bird with the higher average aggression 
score in contests that they won as dominant. In cases where individ-
uals’ wins and aggression scores tied, both were considered domi-
nant at a given table. An individual was also considered dominant 
at a given table if  it was the only individual (with the exception 
of  its mate) to appear for two or more 15-min trials at a specific 
table on different days. There were occasionally tables at which not 
enough interactions occurred to determine a dominant bird. We 
conducted between one and six trials at each of  49 picnic tables in 
Bloom’s Creek Campground and 65 picnic tables in Huckleberry 
Campground each year.

We determined dominance for each year separately because 
dominance and core areas could shift from year to year. Within 
each year, we overlaid core areas (see below for core area delin-
eation methods) in ArcMap (version 10.7; ESRI 2019) with the 
results of  the behavior trials at each picnic table, and then clas-
sified jays into three social classes. “High” dominance included 
individuals that were dominant at tables within and outside their 
core area, “medium” dominance included individuals that were 
dominant only within their core area, and “low” dominance in-
cluded individuals that were not dominant anywhere within the 
campground (Figure 2). We used this method, rather than tradi-
tional Elo-ratings or other established methods because jay dom-
inance hierarchies shift spatially throughout a given area (Brown 
1963) and because we were simply interested in identifying the 
most dominant individual rather than revealing the entire domi-
nance hierarchy.

California, USA Big Basin Redwoods SP
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Figure 1
Map of  the study area.
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Human food subsidy consumption

We evaluated individual consumption of  human food subsidies 
using stable isotope analysis of  δ13C in primary feathers. δ13C is 
a useful indicator of  human food consumption because human 
foods are often made up of  corn (a C4 plant) and corn byproducts, 
making them enriched in the heavy isotope of  carbon. This makes 
them isotopically distinguishable from natural prey items in western 
North America because primary production in this area is driven 
by native C3 plants (Newsome et al. 2010; West et al. 2016). We 
clipped approximately 50  mm of  the most recently grown new 
primary flight feather from each captured jay at the end of  the 
breeding season (early-mid August) at least 40 days after the con-
clusion of  behavior trials. Because feathers incorporate the isotopic 
signature of  the diet during periods of  feather growth (Hobson and 
Clark 1992) and a primary feather takes approximately 30 days to 
grow, these feather samples represented breeding season diet but 
were not contaminated by any peanut consumption that occurred 
during the behavior trials. We rinsed feather samples thrice in 2:1 
chloroform:methanol solution to remove surface contaminants 
and then homogenized them using scissors. Homogenized feathers 
were dried for approximately 72 h at 55 ˚C. Analysis of  δ13C was 
conducted at the University of  New Mexico Center for Stable 
Isotopes using a Thermo Scientific Delta V mass spectrometer con-
nected to a high-temperature conversion elemental analyzer and a 
Costech 4010 elemental analyzer. We report δ13C results as parts 
per mil (‰) ratio relative to the international standard, Vienna-Pee 
Dee Belemnite limestone. We examined the relationship between 
dominance class and human food subsidy consumption using a 
linear mixed model with individual as a random effect because 

we captured some of  the same individuals in multiple years of  
the study. We used δ13C as the continuous response variable and 
categorical dominance class (i.e., low, medium, high) as the fixed 
effect. We also included year as a fixed effect to correct for some 
heteroscedasticity in the residuals. Results are presented as the esti-
mated marginal mean averaged over the 3 years of  the study and a 
95% confidence interval.

Fitness metrics

To understand how fitness was distributed among birds in different 
dominance classes, we collected data on body condition (i.e., body 
mass and growth bar width) and annual fecundity (i.e., number of  
fledged young). We conducted analyses using the “lme4” package 
(version 1.1-21; Bates et al. 2015) and compared means between 
dominance classes when necessary using the “emmeans” package 
(version 1.6.1; Lenth 2021) in the R Statistical Environment (R 
Core Team 2020).

We measured two indices of  body condition: body mass and 
growth bar width. We measured body mass using a Pesola scale 
when birds were recaptured at the end of  the breeding season 
(early-mid August). We standardized body mass for body size using 
tarsus length cubed, an index of  body volume (West and Peery 
2017). We measured tarsus length using calipers during the same 
capture event at which body mass was measured. We then multi-
plied these values by 10 000 for ease in reporting results. We first 
evaluated body mass among the dominance classes using a linear 
mixed model with individual as a random effect. However, the var-
iance of  the random effect was estimated as zero, and thus we re-
moved it and simply used a two-way ANOVA. Standardized body 

High dominance

Legend

Medium
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Low dominance

Picnic table
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WMRG

OMRG
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BMOW

MG
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Individuals

Figure 2
Core areas of  individual jays overlaid with picnic tables in Huckleberry Campground in 2019. Picnic table color matches the color of  the core area of  the 
bird that was dominant at the table. One example each of  a high, medium, and low dominance bird are labeled. Gray tables represent sites where we did not 
record enough interactions to determine dominance.
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mass was the continuous response variable, and we used domi-
nance class and year as categorical factors. We did not include an 
interaction effect between dominance class and year because there 
was no reason to expect a different relationship between body mass 
and dominance among years.

We used growth bar width as another indicator of  individual body 
condition. A feather growth bar consists of  one dark band produced 
during the day, and one light band, produced at night (Wood 1950). 
Together, one set of  bands constitutes feather growth in a 24-h pe-
riod (Wood 1950; Grubb 2006). Feather growth is energetically costly, 
and therefore the ability to grow feathers faster (i.e., wider growth 
bars) is positively correlated with nutritional status (Grubb 1991). We 
collected the newest newly grown rectrix, determined by molt pat-
tern and presence of  feather sheaths, from each jay recaptured at the 
end of  the breeding season, at least 40 d after the conclusion of  be-
havior trials. Growth bars reflect nutrition during the time of  feather 
growth and thus, because we took a newly grown feather, growth bar 
width was not contaminated by any peanuts that may have been con-
sumed during the behavior trials. We standardized growth bar width 
by body size using tarsus length cubed, as we did for body mass, and 
multiplied it by 100 000 for ease in reporting. We then used a linear 
mixed model with individual as a random effect to assess the relation-
ship between dominance class and growth bar width. We used stand-
ardized growth bar width as the continuous response variable and we 
used dominance class and year as additive fixed effects. Results are 
presented as the estimated marginal mean averaged over the 3 years 
of  the study and a 95% confidence interval.

We estimated annual fecundity (i.e., number of  fledglings pro-
duced) for individual jays by either locating and monitoring nests 
until the young fledged (n = 4) or by following radio-tagged birds 
and observing how many fledglings they interacted with (e.g. beg-
ging or feeding behavior; n = 47). Fledgling Steller’s jays follow 
and receive food from their parents for 30 d or more after fledging 
(Walker et al. 2020; EHW and KB, personal communication), so it 
was possible to determine nest success and number of  fledglings by 
closely observing both members of  the pair after nesting was com-
pleted. When possible, we also banded juveniles so that we could 
discern identities when we observed family groups on multiple 
occasions. While locating nests and measuring components of  re-
production like lay date, clutch size, hatching success, and nestling 
condition would have been ideal, we did not have the resources to 
conduct thorough nest searches. We instead used fledging success as 
our measure of  annual fecundity (Weatherhead and Dufour 2000).

We treated annual fecundity in two different ways for analysis. We 
first considered annual fecundity as continuous and compared the 
mean number of  fledglings per male per year among dominance 
classes using a linear mixed model with individual as a random ef-
fect. The variance of  the random effect was estimated to be zero, 
so we removed it from the model and assumed independence 
among all annual fecundity estimates. Due to small sample sizes 
and non-normality in the distribution of  fecundity data, we used a 
Kruskal–Wallis test for the final comparison of  mean annual fecun-
dity between dominance classes. In our second approach, we treated 
fecundity as a binary indicator of  nest success by grouping birds 
according to whether they successfully fledged offspring or not. We 
then conducted a chi-squared test to determine if  there was any re-
lationship between ordinal dominance class and nest success.

Space use

To characterize jay space use, we delineated home ranges and 
core areas for each radio-tagged individual. We defined a home 

range as the 95% utilization distribution for each individual 
jay (West et al. 2016), and we analyzed relocation data using 
the adehabitatHR package (Calenge 2006) in the R Statistical 
Environment (R Core Team 2020). Next, we delineated core 
areas following methods from Vander Wal and Rodgers (2012). 
Specifically, we plotted each jay’s utilization distribution area 
against the isopleth volume (Supplementary Figure S1) and iden-
tified the isopleth at which the slope was closest to one (Vander 
Wal and Rodgers 2012). This point represents the threshold 
at which proportional home range area begins to increase at a 
greater rate than the probability of  use, and we used that iso-
pleth to define the borders of  each jay’s core area (Vander Wal 
and Rodgers 2012). We chose this method, rather than using an 
arbitrary 50% utilization distribution, in an effort to ensure that 
our core areas accurately represented the areas that received 
the greatest use (see Supplementary Appendix S1 for a compar-
ison of  methods). Finally, we removed seven individuals from all 
further analyses because their core areas did not overlap camp-
ground areas, so we could not accurately assess their dominance 
class.

We originally planned to examine both core area size and home 
range size in relation to dominance class, but because these two meas-
urements were highly positively correlated (r = 0.97), we only con-
sidered core area size. We log-transformed core area size to meet 
the assumption of  normal distribution and then used a linear mixed 
model with individual as a random effect to examine the relationship 
between dominance class and core area size. The variance of  the 
random effect was estimated as zero, so we removed it from the model 
and used a two-way ANOVA with dominance class and year as cate-
gorical factors. Results are presented as the estimated marginal mean 
averaged over the 3 years of  the study and a 95% confidence interval.

To compare the spatial distribution of  core areas in relation to 
high-quality habitat, we calculated the proportion of  overlap be-
tween each individual’s core area and the campground area. To de-
lineate the campground boundary, we created a 10-m buffer around 
each campsite and used the minimum bounding geometry tool in 
ArcMap (version 10.7.1; ESRI 2019) to create minimum convex 
hull polygons around the two campgrounds. We calculated the area 
of  overlap between individual core areas and campgrounds and 
then divided by the total area of  individual core areas to determine 
the proportion of  each individual’s core area that overlapped with 
the campground. Steller’s jays in their first breeding season rarely 
breed (Brown 1963, West and Peery 2017), and we observed that 
some of  these individuals utilized a strategy of  being subordinate 
“floaters” in which they maintained a high degree of  overlap with 
campground areas. Our hypotheses were restricted to territorial, 
breeding jays, and we therefore included only individuals known to 
be in at least their second breeding season in this analysis. To test 
whether highly dominant individuals had more overlap with camp-
grounds than subordinates, we conducted a two-way ANOVA, with 
the proportion of  core area overlap with campgrounds as the re-
sponse, and dominance class and year as explanatory variables.

RESULTS
Defining dominance classes

Across the 3 years of  the study, we classified 17 males as low domi-
nance, 15 males as medium dominance, and 21 males as high dom-
inance. In 2017, we conducted 152 behavior trials and recorded a 
total of  1057 dyadic interactions (83% with aggression score >0); in 
2018, we conducted 151 behavior trials and recorded 1544 dyadic 
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interactions (81% with aggression score >0); and in 2019, we con-
ducted 183 behavior trials and recorded 1509 dyadic interactions 
(87% with aggression score >0). On average, low dominance males 
won 15% of  all interactions (aggression score >0) in which they 
were involved, medium dominance males won 59%, and high dom-
inance males won 75%. When high dominance males lost inter-
actions, it was most often to other high dominance males (72% of  
losses). Indeed, considering only tables at which they were domi-
nant, the dominant individual won 96% of  the interactions in 
which they were involved, on average.

Human food subsidy consumption

We measured the human subsidy consumption of  45 individuals (n 
= 16 low dominance, n = 12 medium dominance, and n = 17 high 
dominance). Jays with low dominance (δ13C = −21.2  ±  0.22‰), 
medium dominance (−21.2  ±  0.25‰), and high dominance 
(–21.0  ±  0.21‰) all had similar levels of  subsidy consumption 
(δ13C; P value for all pairwise comparisons >0.83; Figure 3A). 
There was no evidence of  any difference in subsidy consumption 
among years (P value for all comparisons >0.50).

Fitness metrics

We measured body mass of  35 individuals (n = 14 low dom-
inance, n = 8 medium dominance, and n = 13 high dominance). 
Body mass ranged from 110 to 127  g, while tarsus length ranged 
from 40.2 to 46.5 mm. Standardized body mass ranged from 11.5 
to 18.6. Estimated marginal mean body mass for each dominance 
class was very similar (low: 15.0 ± 0.36, medium: 15.0 ± 0.47, high: 
14.9  ±  0.37), and thus we found no evidence for a difference in 
body mass between dominance classes (P value for all comparisons 
>0.98). However, average body mass was higher in 2018 (estimated 
marginal mean = 16.0 ± 0.37) than in 2017 (14.4 ± 0.39; t30 = 3.04, 
P = 0.01) and 2019 (14.5 ± 0.43; t30 = 2.73, P = 0.03; Figure 3B).

We measured the average feather growth bar width of  42 indi-
viduals (n = 14 low dominance, n = 10 medium dominance, and n 
= 18 high dominance). Average growth bar width ranged from 2.1 
to 5.3 mm, and standardized growth bar width ranged from 3.90 
to 7.55. Estimated marginal mean growth bar width was similar 
for each dominance class (low: 5.14 ± 0.28, medium: 5.67 ± 0.32, 
high: 5.29  ±  0.25), and we found no evidence of  differences be-
tween any groups (P value for all comparisons >0.39; Figure 3C). 
We also found no evidence for differences among years (P value for 
all comparisons >0.17).

We determined annual fecundity for 47 jays (n = 16 low domi-
nance, n = 13 medium dominance, n = 18 high dominance) across 
the 3 years of  the study. Fecundity estimates ranged from 0 to 4 
fledglings, with 4 fledglings observed only once. Average annual 
fecundity estimates were quite similar for low (1.31, SE = 0.31), 
medium (1.15, SE = 0.34), and high (1.44, SE = 0.30) dominance 
individuals. Our Kruskal–Wallis test confirmed that there were 
no differences in average number of  fledglings among dominance 
classes (H(2) = 0.37, P value = 0.83) (Figure 4A), and chi-squared 
tests also confirmed that distributions were independent even when 
fecundity data were considered as binary (i.e., success/failure; chi-
squared = 0.63, df  = 2, P value = 0.73).

Space use

We delineated core areas for 53 individuals (n = 17 low dominance, 
n = 15 medium dominance, n = 21 high dominance). Core areas 

had a high amount of  overlap (Figure 2) and core area size varied 
considerably (range: 0.63–7.19 ha). Back-transformed estimated 
marginal mean core area sizes were similar for low (2.82 ± 1.14 ha) 
and medium (2.57  ±  1.13 ha; t48 = 0.53, P value = 0.86) domi-
nance classes, but there was strong evidence that high-dominance 
individuals maintained smaller core areas (1.49 ± 1.11 ha) than low 
(t48 = 3.77, P value < 0.01) and medium (t48 = 3.18, P value < 0.01) 
dominance individuals (Figure 4B). We also found moderate evi-
dence that core areas were larger in 2019 than in 2018 (t48 = –2.28, 
P value = 0.06), but there was no evidence of  a difference between 
2017 and 2018 (t48 = 1.00, P value = 0.58) or between 2017 and 
2019 (t48 = –1.39, P value = 0.35).

During our study, only a small number of  birds in their first 
breeding season regularly used campgrounds (n = 5); however, these 
were all low dominance and had high average overlap between 
their core areas and campgrounds (0.78 ± 0.15). We never observed 
any of  these “floaters” with a mate or participating in breeding or 
nesting behaviors, so we present results only for individuals known 
to be in at least their second breeding season. We assessed the spa-
tial distribution of  core areas for 39 territorial breeding individuals 
(n = 8 low dominance, n = 12 medium dominance, n = 19 high 
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Figure 3
(A) The amount of  anthropogenic food subsidies in the diet of  individual 
jays in each dominance class, as measured by δ13C concentrations in 
feathers. Each circle represents one individual. (B) Estimated marginal 
mean body mass and 95% confidence interval for jays in each dominance 
class. Colored dot represents the mean over all years, and the estimated 
marginal means for each year of  the study are shown in gray. (C) Estimated 
marginal mean growth bar width and 95% confidence interval for jays in 
each dominance class. Colored dot represents the mean over all years, and 
the estimated marginal means for each year of  the study are shown in gray.
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dominance). There was strong evidence of  a difference in mean 
overlap of  core areas with the campground among all dominance 
classes (F2,34 = 5.90, P value < 0.01). Specifically, the core areas of  
high-dominance individuals (0.75 ± 0.05) overlapped campgrounds 
more than low (0.45 ± 0.07) dominance individuals (t34 = 3.31, P 
< 0.01). There was also weak evidence for a difference in overlap 
between high and medium (0.58 ± 0.06) dominance classes (t34 = 
2.17, P value = 0.09), but there was no evidence of  a difference 
between low and medium dominance classes (t34 = 1.39, P value = 
0.36; Figure 4C). Thus, among territorial breeders, dominant indi-
viduals had more core area overlap with campgrounds on average 
than subordinate individuals (Supplementary Figure S2).

DISCUSSION
Our results suggest that, first, jays attain high densities in camp-
grounds because dominant jays do not exclude subordinates from 
human food subsidies. This conclusion is supported not only by 
stable isotope analyses, but also by observations both during and 
outside behavior trials, when we frequently observed subordinate 
jays accessing subsidies while dominant jays were chasing other 

individuals, caching food resources, or not present. Generally, com-
petitor densities are expected to increase when food resources are 
dispersed (Goldberg et al. 2001), and increased densities can lead 
to reduced aggression because the cost of  aggression outweighs the 
benefit of  resource defense (Brown 1964; Goldberg et al. 2001). 
Consequently, we conclude that human food resources are too 
abundant and dispersed and dominant jays face too many competi-
tors to be effective despots of  abundant human subsidies.

Second, our results suggest that jay densities do not reach the 
level necessary to facilitate resource matching because dominant 
individuals monopolize space in subsidized campground areas. 
Highly dominant individuals maintained small core areas that over-
lapped significantly with subsidized campground areas. These areas 
likely provided the most reliable access to human subsidies and, 
thus, are perceived by jays as the highest quality for breeding. This 
observation is in line with the concept of  economic defensibility 
(Brown 1964; Calsbeek and Sinervo 2002), which proposes that 
high territory quality is associated with small territory size because 
resources are highly concentrated and because territory defense is 
energetically costly (Carpenter and MacMillen 1976; Carpenter 
1987). Under an ideal despotic distribution, subordinate individ-
uals are predicted to use more space to meet their nutritional needs 
(Calsbeek and Sinervo 2002; Sells and Mitchell 2020), which we 
also observed in our study area. Subordinate individuals had larger 
core areas that were more peripheral to campgrounds than those 
of  highly dominant individuals, a phenomenon that was suggested 
by West and Peery (2017). Therefore, we theorize that subordinate 
individuals likely breed on the periphery of  campgrounds and in 
effect, “commute” into campgrounds to take advantage of  readily 
available food subsidies (see also Supplementary Figure S2). This 
type of  “commuting” behavior to access human foods has also 
been observed in mammals (e.g., Tsukada 1997). While commuting 
jays on the periphery of  campgrounds maintained similar fitness 
to dominant jays, individuals compelled to live even further from 
campgrounds may experience high energetic costs and increased 
exposure to predation if  they frequently accessed human subsidies. 
These factors could reduce adult survival or affect provisioning 
of  offspring and, subsequently, offspring quality (Ghalambor and 
Martin 2001; Eggers et al. 2008). Hence, jays breeding far from 
campgrounds likely do not make frequent foraging forays into 
campgrounds; and consequently, jay abundance in subsidized areas 
remains too low to result in density-dependent reductions in indi-
vidual fecundity or body condition. This idea is also supported by 
the observation of  West et al. (2016) that jays radio-tagged 1–2 km 
away from campgrounds were only rarely seen in campgrounds. 
Consequently, resource under-matching is maintained because 
dominant jays monopolize space (e.g., breeding sites) and prevent 
densities in campground areas from reaching the level necessary to 
reduce individual fitness and promote resource matching.

Adherence to an ideal despotic distribution is the most likely 
explanation for the persistence of  resource under-matching, espe-
cially in light of  the incomplete territoriality of  Steller’s jays (Brown 
1963). However, we acknowledge that under-matching is the most 
observed departure from the ideal free distribution in free-living 
populations and can also occur due to violations of  the “ideal” as-
sumption (Kennedy and Gray 1993). Consequently, the distribution 
we observed could also be attributable to inability of  individual jays 
to accurately assess habitat quality and therefore under-using high-
quality habitat (i.e., because they have imperfect knowledge). While 
this is often the case for less mobile species (Zollner and Lima 1997; 
Katz and Scharf  2018), we find this scenario unlikely because jays 
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are highly mobile and have high cognitive abilities (Emery et al. 
2007), both of  which should enhance their perceptual range and 
assist them in accurately assessing habitat conditions (Jiao et al. 
2020).

While dominance is typically assumed to be positively cor-
related with fitness (Ellis 1995), the prevalence of  readily avail-
able human food subsidies appears to have decoupled the link 
between dominance and fitness such that dominance does not 
necessarily confer a fitness benefit within campgrounds (Verhulst 
and Salomons 2004). Dominance is most likely to result in a fit-
ness benefit when resources are scarce (Ellis 1995; Henderson 
and Hart 1995), and therefore the behavioral strategy of  using 
aggression to maintain dominance may benefit individuals living 
in resource-poor landscapes, while those living in areas with 
abundant food subsidies do not glean a fitness benefit from this 
strategy. In our study site, jays likely benefitted not only from 
abundant human food subsidies, but also abundant natural prey 
items relative to what would likely be available in a heavily devel-
oped, urban area.

Our study has a few important caveats. First, jays are known to 
engage in a moderate level of  extra-pair parentage (Overeem et al. 
2014), and it is unclear how high population density may impact ge-
netic mating systems for Steller’s jays (Iossa et al. 2009; Streatfeild 
et al. 2011). Therefore, there could be cryptic reproductive skew to-
wards dominant males that we were unable to measure in this study, 
and this could alter our assessments of  individual fitness. Similarly, 
kinship relationships could also influence the fitness of  individuals 
if  closely related jays settle near one another (Sklepkovych 1997; 
Bebbington et al. 2017). Second, we measured annual fecundity 
primarily by considering the number of  fledged young, so we may 
have missed any differences in mortality among dominance classes 
that occurred at earlier stages of  nesting. For example, if  dominant 
individuals living in areas with the most accessible human food sub-
sidies fed more human foods to nestlings, this could have negative 
consequences on nestling condition and nest success (Marzluff et al. 
2001; Seress et al. 2020). However, we showed that dominant and 
subordinate adults had similar access to human foods, which likely 
means nestlings of  all social classes had similar access to human 
foods. Lastly, we were unable to measure lifetime survival and repro-
ductive success of  jays because jays are long-lived (Klimkiewicz and 
Futcher 1989) relative to the duration of  our study. However, jays in 
subsidized areas have very high annual survival on average (annual 
survival >0.92; West et al. 2019). This suggests that even subordinate 
birds have a low risk of  mortality and may achieve similar lifetime 
fecundity, considering that annual fecundity estimates were similar.

In conclusion, our results suggest that incomplete territo-
rial exclusion could be a common mechanism explaining the 
high densities of  synanthropic species that are often observed 
in subsidized habitats (Fedriani et al. 2001; Marzluff et al. 2001; 
Tortosa et al. 2002; Beckmann and Berger 2003; Prange et al. 
2003; Olea and Baglione 2008). The “credit card hypothesis” 
(Shochat 2004) proposes that high densities are achieved when 
populations over-match human food resources, meaning that 
only the most dominant individuals monopolize breeding oppor-
tunities while subordinates survive and contribute to density esti-
mates in subsidized areas without actually reproducing. While we 
find this hypothesis intriguing, our results, and those of  Rodewald 
and Shustack (2008), demonstrate that synanthropes can achieve 
high densities in subsidized areas without over-matching food 
subsidies and subsequently experiencing reductions in individual 
fitness. Indeed, in our study, all territorial breeding individuals 

that utilized human food subsidies achieved elevated body condi-
tion and similar annual fecundity (see also West and Peery 2017), 
despite high densities in subsidized areas. Furthermore, high 
densities coupled with high reproduction resulting from imper-
fect territoriality suggest that subsidized populations may consti-
tute source, rather than, sink populations (as proposed by Shochat 
2004) that can also influence the demographics of  unsubsidized 
areas (West et al. 2019). It is important to note, though, that this 
phenomenon may be more likely to occur in habitats where nat-
ural prey items that support growth and development of  young, 
like soft-bodied arthropods, are more abundant than in urban set-
tings. Given that urbanization continues to expand and encroach 
upon protected areas (Mcdonald et al. 2008; Wood et al. 2014) 
that provide important habitat for biodiversity (Naughton-Treves 
et al. 2005; Watson et al. 2014; Pacifici et al. 2020), source popu-
lations of  synanthropes in subsidized areas like suburbs and camp-
grounds have the potential to threaten the viability of  rare species 
using areas purportedly set aside for conservation via mechanisms 
like predation and competition.

SUPPLEMENTARY MATERIAL
Supplementary data are available at Behavioral Ecology online.

FUNDING
This work was supported by the National Science Foundation Graduate 
Research Fellowship Program (Grant No. DGE-1747503), Save the Redwoods 
League (Grant Nos. 125 and 132); California State Parks (Grant No. 
C1868006), and the Graduate School and the Office of  the Vice Chancellor 
for Research and Graduate Education at the University of  Wisconsin-
Madison with funding from the Wisconsin Alumni Research Foundation.

We thank Dr. Karen Strier for numerous insightful conversations that 
helped shape this study and for reviewing an earlier draft of  this manu-
script. We thank Jessica Guenther, Holly Todaro, Gabby Jukkala, and Lake 
White for their integral roles in collecting field data. We also thank Milcah 
Rimmer, Sydney Copus, Lucy Hentzen, Zoe Osberg, Ophelia Tsai, Allie 
Olson, Jeremy Sanford, Magdalena Twarowski, and Elizabeth Ng for their 
assistance with sample processing. Finally, we thank Jan Komdeur and 
two anonymous reviewers for comments that substantially improved this 
manuscript.

ETHICAL CONSIDERATIONS
All appropriate guidelines for humane and ethical use of  animals in re-
search were followed during capture, banding, and sampling. Research was 
conducted under IACUC protocol A005411-R01-A01 and scientific collec-
tion permit SC-13714.

Data Availability: Analyses reported in this article can be reproduced using 
the data provided by Brunk et al. (2022).

Handling Editor: Jan Komdeur

REFERENCES
Andren H. 1990. Despotic distribution, unequal reproductive success, 

and population regulation in the jay Garrulus glandarius L. Ecology. 
71(5):1796–1803.

Bates D, Mächler M, Bolker BM, Walker SC. 2015. Fitting linear mixed-
effects models using lme4. J Stat Softw 67(1):1–48. doi:10.18637/jss.
v067.i01.

Bebbington K, Kingma SA, Fairfield EA, Dugdale HL, Komdeur J, Spurgin 
LG, Richardson DS. 2017. Kinship and familiarity mitigate costs of  so-
cial conflict between Seychelles warbler neighbors. Proc Natl Acad Sci USA. 
114(43):E9036–E9045.

Page 8 of  10

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/advance-article/doi/10.1093/beheco/arac064/6628567 by U

niversity H
ohenheim

 user on 27 July 2022

https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01


Brunk et al. • Failed despots promote equal fitness

Beckmann JP, Berger J. 2003. Using black bears to test Ideal-Free 
Distribution models experimentally. J Mammal. 84(2):594–606. https://
academic.oup.com/jmammal/article/84/2/594-606/2373558.

Brown JL. 1963. Aggressiveness, dominance and social organization in the 
Steller jay. Condor 65(6):460–484.

Brown JL. 1964. The evolution of  diversity in avian territorial systems. 
Wilson Bull. 76(2):160–169.

Brunk KM, West E, Peery MZ, Pidgeon A. 2022. Failed despots and the 
equitable distribution of  fitness in a subsidized species. Dryad, Dataset. 
doi:10.5061/dryad.z8w9ghxff.

Calenge C. 2006. The package adehabitat for the R software: a tool 
for the analysis of  space and habitat use by animals. Ecol Modell 
197(3–4):516–519.

Calsbeek R, Sinervo B. 2002. An experimental test of  the ideal despotic dis-
tribution. J Anim Ecol. 71(3):513–523.

Carpenter FL. 1987. Food abundance and territoriality: to defend or not to 
defend? Am Zool. 27(2):387–399.

Carpenter F, MacMillen R. 1976. Threshold model of  feeding ter-
ritoriality and test with a Hawaiian honeycreeper. Science (80-). 
194(4265):639–642.

Eggers S, Griesser M, Ekman J. 2008. Predator-induced reductions in nest 
visitation rates are modified by forest cover and food availability. Behav 
Ecol. 19(5):1056–1062.

Ellis L. 1995. Dominance and reproductive success among non-human ani-
mals: a cross-species comparison. Ethol Sociobiol 16(4):257–333.

Emery NJ, Seed AM, Von Bayern AMP, Clayton NS. 2007. Cognitive 
adaptations of  social bonding in birds. Philos Trans R Soc B Biol Sci 
362(1480):489–505.

ESRI. 2019. ArcGIS 10.7.1 for Desktop.
Evans J, Boudreau K, Hyman J. 2010. Behavioural syndromes in urban and 

rural populations of  Song Sparrows. Ethology 116(7):588–595.
Fagen R. 1987. A generalized habitat matching rule. Evol Ecol. 1:5–10.
Fedriani JM, Fuller TK, Sauvajot RM. 2001. Does availability of  anthropo-

genic food enhance densities of  omnivorous mammals? An example with 
coyotes in southern California. Ecography (Cop). 24(3):325–331.

Fretwell SD. 1972. Populations in seasonal environments. Princeton (NJ): 
Princeton University Press.

Fretwell SD, Lucas HLJ. 1969. On territorial behaviour and other factors 
influencing habitat distribution in birds. Acta Biotheor. 19(1):16–36.

Gates JE, Gysel LW. 1978. Avian nest dispersion and fledging success in 
field-forest ecotones. Ecology. 59(5):871–883.

Ghalambor CK, Martin TE. 2001. Fecundity-survival trade-offs and pa-
rental risk-taking in birds. Science (80-). 292(5516):494–497.

Gill FB, Wolf  LL. 1977. Nonrandom foraging by sunbirds in a patchy envi-
ronment. Ecology. 58(6):1284–1296.

Goldberg JL, Grant JWA, Lefebvre L. 2001. Effects of  the temporal pre-
dictability and spatial clumping of  food on the intensity of  competitive 
aggression in the Zenaida dove. Behav Ecol. 12(4):490–495.

Grubb T. 2006. Ptilochronology: feather time and the biology of  birds. 
Oxford (UK): OUP.

Grubb TC. 1991. A deficient diet narrows growth bars on induced feathers. 
Auk 108(3):725–727.

Haché S, Villard MA, Bayne EM. 2013. Experimental evidence for an 
ideal free distribution in a breeding population of  a territorial songbird. 
Ecology. 94(4):861–869.

Hardman SI, Dalesman S. 2018. Repeatability and degree of  territorial ag-
gression differs among urban and rural great tits (Parus major). Sci Rep. 
8(1):1–12.

Henderson IG, Hart PJB. 1995. Dominance, food acquisition and repro-
ductive success in a monogamous passerine: the jackdaw Corvus monedula. 
J Avian Biol. 26(3):217–244.

Hixon MA. 1980. Food production and competitor density as the determin-
ants of  feeding territory size. Am Nat. 115(4):510–530.

Hobson KA, Clark RG. 1992. Assessing avian diets using stable isotopes I: 
turnover of  13C in tissues. Condor 94(1):181–188.

Iossa G, Soulsbury CD, Baker PJ, Edwards KJ, Harris S. 2009. Behavioral 
changes associated with a population density decline in the facultatively 
social red fox. Behav Ecol. 20(2):385–395.

Jiao J, Riotte-Lambert L, Pilyugin SS, Gil MA, Osenberg CW. 2020. 
Mobility and its sensitivity to fitness differences determine consumer-
resource distributions: mobility affects movement direction. R Soc Open 
Sci. 7(6):200247. doi:10.1098/rsos.200247.

Katz N, Scharf  I. 2018. Habitat geometry and limited perceptual range af-
fect habitat choice of  a trap-building predator. Behav Ecol. 29(4):958–964.

Kennedy M, Gray RD. 1993. Can ecological theory predict the distribution 
of  foraging animals? A critical analysis of  experiments on the ideal free 
distribution. Oikos 68(1):158–166.

Klimkiewicz MK, Futcher AG. 1989. Longevity records of  North American 
birds Supplement 1. J F Ornithol 60(4):469–494.

Lenth R V. 2021. emmeans: Estimated marginal means, aka least-squares 
means. https://cran.r-project.org/package=emmeans.

Lin Y-TK, Batzli GO. 2001. The influence of  habitat quality on dis-
persal, demography, and population dynamics of  voles. Ecol Monogr. 
71(2):245.

Marzluff JM, Bowman R, Donnelly R. 2001. Avian ecology and conserva-
tion in an urbanizing world. Boston: Kluwer Academic Publishers.

Marzluff JM, McGowan KJ, Donnelly R, Knight RL. 2001. Causes and 
consequences of  expanding American crow populations. In: Marzluff 
JM, Bowman R, Donnelly R, editors. Avian ecology and conservation in 
an urbanizing world. New York: Springer. p. 331–363.

Marzluff JM, Neatherlin E. 2006. Corvid response to human settlements 
and campgrounds: causes, consequences, and challenges for conserva-
tion. Biol Conserv. 130(2):301–314.

Mcdonald RI, Kareiva P, Forman RTT. 2008. The implications of  current 
and future urbanization for global protected areas and biodiversity con-
servation. Biol Conserv. 141(6):1695–1703.

McGowan KJ. 2001. Demographic and behavioral comparisons of  sub-
urban and rural American crows. In: Marzluff JM, Bowman R, Donnelly 
R, editors. Avian ecology and conservation in an urbanizing world. 
Boston: Springer. p. 365–381.

Naughton-Treves L, Holland MB, Brandon K. 2005. The role of  protected 
areas in conserving biodiversity and sustaining local livelihoods. Annu 
Rev Environ Resour. 30(1):219–252.

Newsome TM, Dellinger JA, Pavey CR, Ripple WJ, Shores CR, Wirsing 
AJ, Dickman CR. 2015. The ecological effects of  providing resource sub-
sidies to predators. Glob Ecol Biogeogr. 24(1):1–11.

Newsome SD, Ralls K, Job CVH, Fogel ML, Cypher BL. 2010. Stable iso-
topes evaluate exploitation of  anthropogenic foods by the endangered 
San Joaquin kit fox (Vulpes macrotis mutica). J Mammal. 91(6):1313–1321.

O’Donnell K, DelBarco-Trillo J. 2020. Changes in the home range sizes of  
terrestrial vertebrates in response to urban disturbance: a meta-analysis. J 
Urban Ecol. 6(1):1–8.

Olea PP, Baglione V. 2008. Population trends of  Rooks Corvus frugilegus in 
Spain and the importance of  refuse tips. Ibis (Lond 1859) 150(1):98–109.

Oro D, Genovart M, Tavecchia G, Fowler MS, Martínez-Abraín A. 2013. 
Ecological and evolutionary implications of  food subsidies from humans. 
Ecol Lett 16(12):1501–1514.

Overeem KR, Gabriel PO, Zirpoli JA, Black JM. 2014. Steller sex: infi-
delity and sexual selection in a social corvid (Cyanocitta stelleri). PLoS One. 
9(8):e105257.

Pacifici M, Di Marco M, Watson JEM. 2020. Protected areas are now 
the last strongholds for many imperiled mammal species. Conserv Lett 
13(6):1–7.

Prange S, Gehrt SD, Wiggers EP. 2003. Demographic factors contrib-
uting to high raccoon densities in urban landscapes. J Wildl Manage 
67(2):324–333.

Pulliam HR, Caraco T. 1984. Living in groups: is there an optimal group 
size? In: Krebs JR, Davies NB, editors. Behavioral ecology: an evolu-
tionary approach. 2nd ed. Oxford (UK): Blackwell Scientific Publications. 
p. 122–147.

Pusenius J, Schmidt KA. 2002. The effects of  habitat manipulation on 
population distribution and foraging behavior in meadow voles. Oikos 
98(2):251–262.

R Core Team. 2020. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. https://
www.R-project.org/

Ridley J, Komdeur J, Sutherland WJ. 2004. Incorporating territory com-
pression into population models. Oikos 105(1):101–108.

Robb GN, McDonald RA, Chamberlain DE, Bearhop S. 2008. Food for 
thought: supplementary feeding as a driver of  ecological change in avian 
populations. Front Ecol Environ. 6(9):476–484.

Rodewald AD, Shustack DP. 2008. Consumer resource matching in ur-
banizing landscapes: are synanthropic species over-matching? Ecology. 
89(2):515–521.

Scales J, Hyman J, Hughes M. 2011. Behavioral syndromes break down in 
urban song sparrow populations. Ethology 117(10):887–895.

Schlaepfer MA, Runge MC, Sherman PW. 2002. Ecological and  
evolutionary traps. Trends Ecol Evol. 17(10):474–480.

Page 9 of  10

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/advance-article/doi/10.1093/beheco/arac064/6628567 by U

niversity H
ohenheim

 user on 27 July 2022

https://academic.oup.com/jmammal/article/84/2/594-606/2373558
https://academic.oup.com/jmammal/article/84/2/594-606/2373558
https://doi.org/10.5061/dryad.z8w9ghxff
https://doi.org/10.1098/rsos.200247
https://cran.r-project.org/package=emmeans
https://www.R-project.org/
https://www.R-project.org/


Behavioral Ecology

Sells SN, Mitchell MS. 2020. The economics of  territory selection. Ecol 
Modell. 438. doi:10.1016/j.ecolmodel.2020.109329.

Seress G, Sándor K, Evans KL, Liker A. 2020. Food availability limits avian 
reproduction in the city: an experimental study on great tits Parus major. 
J Anim Ecol. 89(7):1570–1580.

Shochat E. 2004. Credit or debit? Resource input changes population dy-
namics of  city-slicker birds. Oikos 106(3):622–626.

Shochat E, Warren PS, Faeth SH, McIntyre NE, Hope D. 2006. From pat-
terns to emerging processes in mechanistic urban ecology. Trends Ecol 
Evol. 21(4):186–191.

Sklepkovych B. 1997. The influence of  kinship on foraging competition in 
Siberian jays. Behav Ecol Sociobiol. 40(5):287–296.

Streatfeild CA, Mabry KE, Keane B, Crist TO, Solomon NG. 2011. 
Intraspecific variability in the social and genetic mating systems of  prairie 
voles, Microtus ochrogaster. Anim Behav. 82(6):1387–1398.

Swihart RK, Slade NA. 1985. Testing For independence of  observations in 
animal movements. Ecology. 66(4):1176–1184.

Tortosa FS, Caballero JM, Reyes-López J. 2002. Effect of  rubbish dumps 
on breeding success in the white stork in southern Spain. Waterbirds Int J 
Waterbird Biol. 25(1):39–43.

Tregenza T. 1995. Building on the Ideal Free Distribution. Adv Ecol Res. 
25:253–307.

Tsukada H. 1997. A division between foraging range and territory related 
to food distribution in the red fox. J Ethol. 15(1):27–37.

Václav R, Hoi H, Blomqvist D. 2003. Food supplementation affects 
extrapair paternity in house sparrows (Passer domesticus). Behav Ecol. 
14(5):730–735.

Verhulst S, Salomons HM. 2004. Why fight? Socially dominant jackdaws, 
Corvus monedula, have low fitness. Anim Behav. 68(4):777–783.

Vander Wal E, Rodgers AR. 2012. An individual-based quantitative ap-
proach for delineating core areas of  animal space use. Ecol Modell 
224(1):48–53.

Walker L, Pyle P, Patten M, Greene E, Davison W, Muehter V. 2020. 
Steller’s jay (Cyanocitta stelleri), version 1.0. In: Rodewald P, editor. Birds of  
the world. Ithaca (NY): Cornell Lab of  Ornithology.

Watson JEM, Dudley N, Segan DB, Hockings M. 2014. The performance 
and potential of  protected areas. Nature 515(7525):67–73.

Weatherhead PJ, Dufour KW. 2000. Fledging success as an index of  recruit-
ment in Red-winged Blackbirds. Auk 117(3):627–633.

West EH, Brunk K, Peery MZ. 2019. When protected areas produce source 
populations of  overabundant species. Biol Conserv. 238. doi:10.1016/j.
biocon.2019.108220.

West EH, Henry WR, Goldenberg W, Peery MZ. 2016. Influence of  food 
subsidies on the foraging ecology of  a synanthropic species in protected 
areas. Ecosphere 7(10):1–15. doi:10.1002/ecs2.1532.

West EH, Peery MZ. 2017. Behavioral mechanisms leading to improved fit-
ness in a subsidized predator. Oecologia 184(4):787–798.

Wood HB. 1950. Growth bars in feathers. Auk 67(4):486–491.
Wood EM, Pidgeon AM, Radeloff VC, Helmers D, Culbert PD, Keuler NS, 

Flather CH. 2014. Housing development erodes avian community struc-
ture in US protected areas. Ecol Appl. 24(6):1445–1462.

Zollner PA, Lima SL. 1997. Landscape-level perceptual abilities in 
white-footed mice: perceptual range and the detection of  forested hab-
itat. Oikos 80(1):51–60.

Page 10 of  10

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/advance-article/doi/10.1093/beheco/arac064/6628567 by U

niversity H
ohenheim

 user on 27 July 2022

https://doi.org/10.1016/j.ecolmodel.2020.109329
https://doi.org/10.1016/j.biocon.2019.108220
https://doi.org/10.1016/j.biocon.2019.108220
https://doi.org/10.1002/ecs2.1532

