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Jays with breeding territories in subsidized sites maintained 
relatively small home ranges that overlapped with multiple 
conspecifics, and exhibited a social system where domi-
nant individuals typically won contests over food. Thus, 
jays appeared to be under-matched to prevalent resource 
subsidies despite high densities and behaviors expected to 
lead to resource matching. Our results also indicate that 
local resource subsidies within protected areas can result in 
source habitats for synanthropes, potentially impacting sen-
sitive species over broader spatial scales.
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Introduction

Synanthropic species, which benefit from ecological associ-
ations with humans (Johnston 2001), have increased nearly 
globally as a result of land-use intensification and concomi-
tant increases in the availability of anthropogenic foods 
(Webb et al. 2011). Indeed, predictable anthropogenic food 
subsidies are considered responsible for increases in popu-
lations of many overabundant synanthropes including coy-
otes, gulls, and corvids that impact a host of sensitive spe-
cies and community structure (Fedriani et al. 2001; Duhem 
et al. 2008; Walker and Marzluff 2015). Understanding how 
patterns of anthropogenic subsidies on the landscape affect 
the behavior, distribution, and demography of synanthropic 
species is considered essential for reducing their effects on 
ecological systems (Sih et  al. 2011). Nevertheless, gen-
eral mechanisms underlying the distribution and fitness of 
synanthropic predators in human-influenced landscapes 
remain a source of considerable uncertainty (Marzluff and 
Neatherlin 2006).

Abstract  General mechanisms underlying the distri-
bution and fitness of synanthropic predators in human-
influenced landscapes remain unclear. Under the con-
sumer resource-matching hypothesis, synanthropes are 
expected to distribute themselves among habitats according 
to resource availability, such that densities are greater in 
human-subsidized habitats, but mean individual fitness is 
equal among habitats because of negative density depend-
ence. However, “under-matching” to human food resources 
can occur, because dominant individuals exclude subordi-
nates from subsidized habitats and realize relatively high 
fitness. We integrated physiological, behavioral, and demo-
graphic information to test resource-matching hypotheses 
in Steller’s jays (Cyanocitta stelleri), a synanthropic nest 
predator, to understand how behavior and social systems 
can influence how synanthropes respond to food subsi-
dies. Jays consumed more human foods at subsidized (park 
campground) sites than jays at unsubsidized (interior forest) 
sites based on stable isotope analyses. Jays that occurred at 
higher densities were in better body condition (based on 
feather growth bars and lipid analyses), and had greater 
reproductive output at subsidized than unsubsidized sites. 
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The oft-cited ideal free (IFD) and ideal despotic mod-
els (IDD) of animal distributions (Fretwell and Lucas 
1970; Fretwell 1972) represent useful starting points for 
testing hypotheses about the effects of heterogeneously 
distributed food subsidies on synanthropic species (Beck-
mann and Berger 2003). Under an IFD, individuals are 
assumed to move freely among habitats and are expected 
to preferentially select high-quality habitats (e.g., where 
resource subsidies are prevalent). However, as density 
increases in high-quality habitats, mean individual fitness 
(productivity as measured by HY:AHY ratios) declines as 
a result of intraspecific competition (Fretwell and Lucas 
1970; Fretwell 1972), and animals begin using lower 
quality habitats, even though resources are relatively 
scarce. At equilibrium, individuals become assorted in 
proportion to resource availability, such that mean indi-
vidual fitness is equal among habitats and populations 
are “matched” to the distribution of resources in the envi-
ronment (Fagen 1987). By contrast, under IDD, domi-
nant individuals exclude subordinate individuals from 
high-quality habitats via territorial interactions, which 
drive subordinates to use low-quality habitats (Fretwell 
1972). According to this model, mean individual fitness 
is expected to be greater in high- rather than low-quality 
habitats, such that populations are “under-matched” to 
their environment and resource-rich habitats are under-
exploited (Kennedy and Gray 1993). If a synanthropic 
species of management interest conforms to an IDD, the 
proportion of the population occurring in high-quality 
habitats contributes disproportionately to population 
growth, and reducing subsidies or removing these domi-
nant individuals in these areas is more likely to lead to 
population declines than if the population conforms to an 
IFD (Haché et al. 2013).

Empirical and model-based studies, however, suggest 
that IFD and IDD models may be overly simplistic and 
often do not apply to natural populations, particularly 
synanthropic species. Both models assume that individ-
uals have perfect knowledge of the distribution of food 
resources, such that habitat selection is “ideal”. Indeed, 
some synanthropic species may “over-match” to their 
environment, where fitness is relatively low in areas with 
prevalent food subsidies (putatively high-quality habi-
tats), because it attracts immigrants that do not breed 
(i.e., floaters) or because inferior competitors in contests 
breed at lower rates (Shochat et al. 2006). Moreover, the 
IDD assumes that territory size is constant within and 
among habitats that differ in quality (Ridley et al. 2004; 
Haché et  al. 2013). In natural populations, reductions 
in territory size resulting from a greater frequency and 
intensity of agonistic interactions as density increases in 
high-quality habitats may lead to declines in individual 
fitness, such that populations of territorial species reflect 

an ideal free, rather than an ideal despotic, distribu-
tion (Ridley et  al. 2004). Thus, detailed assessments of 
behavioral interactions, in addition to habitat-specific 
estimates of fitness and density, are needed to understand 
the ecological processes that govern the distribution of 
synanthropic species occurring in landscapes with het-
erogeneously distributed food resources.

In this study, we tested competing distribution mod-
els in the Steller’s jay (Cyanocitta stelleri), a synan-
thropic species that has become widely and abundantly 
distributed throughout its range in western North 
America (Sauer et  al. 2014). Recently, Steller’s jays 
have gained attention in the Pacific Northwest due to 
their association as nest predators of marbled murrelets 
(Brachyramphus marmoratus) (Luginbuhl et  al. 2001), 
as well as nesting songbirds (Vigallon and Marzluff 
2005). Populations of Steller’s jays have increased dra-
matically in parks containing remnant populations of 
marbled murrelets, presumably in response to the avail-
ability of anthropogenic food subsidies in these areas 
(Marzluff and Neatherlin 2006). We evaluated whether 
Steller’s jays occurring within protected areas receiv-
ing low (interior forest) versus high (campgrounds) lev-
els of human use conformed to an IFD or IDD, or were 
over-matched to their environment. First, we determined 
the extent to which individuals in these two habitats 
consumed and, thus were subsidized by, anthropogenic 
foods using stable isotope analyses. We then tested a 
series of predictions regarding differences in body con-
dition, reproductive rates, and density between inte-
rior forest and campground sites for each of the three 
competing hypotheses (Table  1). We also (i) tested for 
differences in home range size and overlap between 
habitats based on radio-marked individuals and (ii) con-
ducted experimental feeding trials in campgrounds to 
characterize patterns of agonistic behaviors, both with 
the objective of understanding how behavioral interac-
tions might mediate responses in fitness and density to 
food subsidies.

Table 1  Predicted directionality of differences in body condition, 
reproductive rates, and density according to the ideal free distribution 
(IFD), ideal despotic distribution (IDD), and over-matching under the 
hypothesis that areas with anthropogenic food subsidies (S) are of 
higher habitat quality than unsubsidized (U) areas

IFD 
(resource 
matching)

IDD (under-
matching)

Over-matching

Body condition S = U S > U S < U
Reproductive 

rates
S = U S > U S < U

Density S > U No prediction S > U
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Materials and methods

Study areas

We studied Steller’s jays using a combination of radio-
telemetry, stable isotope analyses, physiological assays of 
body condition, and behavioral observations in two state 
parks in central California, USA containing remnant old-
growth forest nesting habitat for marbled murrelets: Big 
Basin Redwoods and Butano State Parks (hereafter referred 
to as Big Basin and Butano, respectively). Sampling was 
conducted at one-to-four campgrounds and non-camp-
ground (forest) sites in each park. Forest sites were selected 
based on accessibility, the presence of territory-holding 
jays, and were located 1–2 km from campgrounds. Individ-
uals captured in campgrounds and forest sites were defined 
as “campground” and “forest” jays, respectively. Previous 
analyses of the daily movements of radio-marked individu-
als revealed that some forest jays made periodic movements 
to campgrounds (i.e., “intermediate” jays) and some camp-
ground jays had activity centers focused in forests along the 
periphery of campgrounds (i.e., “periphery” jays; (West 
et  al. 2016). Stable isotope assessments of jay diets and 
lipid analyses to determine jay body condition measure-
ments were conducted for each park, whereas radio-telem-
etry work, point counts, and feeding experiments were lim-
ited to Big Basin.

Captures and sampling

We captured Steller’s jays during the breeding season 
(April to August) using live traps (model 1045,  Havahart®, 
Lititz, PA) and mistnets (Avinet, Dryden, NY) from 2010 
to 2013. We broadcasted jay vocalizations (Vigallon and 
Marzluff 2005) and placed shelled peanuts near mistnets 
to attract jays (peanuts were glued to plates to prevent 
jays from consuming bait and affecting isotope-based diet 
estimates). Captured jays were weighed (g), measured for 
tarsus length (mm), and banded with a stainless steel US 
Geological Survey metal band and a unique combination of 
three colored leg bands. After-hatch-year (hereafter AHY) 
jays were distinguished from hatch-year (hereafter HY) jays 
based on gape coloration, plumage pattern, the shape of 
rectrices, and the level of covert contrast (Pyle et al. 1997). 
The sex of all individuals was determined through observa-
tions of sex-specific vocalizations and later confirmed using 
polymerase chain reaction methods on extracted DNA from 
blood samples (Griffiths et al. 1998). We fit a subsample of 
individuals captured in Big Basin in 2011, 2012, and 2013 
with backpack‐mounted radio transmitters (model A1050, 
Advanced Telemetry Systems, Isanti, Minnesota; (Bue-
hler et al. 1995). Transmitters had an expected lifespan of 
12 weeks and were affixed using 2.5 mm Teflon ribbon.

Stable isotope analysis

We used stable isotope analysis to quantify Steller’s jay 
diet by comparing the isotopic signature (δ13C and δ15N) 
of Steller’s jay primary feathers to the isotopic signatures 
of potential diet items. Enrichment of δ13C, in particular, 
is indicative of the consumption of anthropogenic foods 
in this species (West et  al. 2016) and wildlife generally 
(Newsome et al. 2015). Feathers integrate the isotopic sig-
nature of diet sources during molt (Bearhop et  al. 2002), 
and primary growth occurs in Steller’s jays at the end of 
the breeding season in July and August. Individual feathers 
were sampled from jays throughout the summer and repre-
sent diet sources from the previous year’s molt (collected 
before July of the sampling year) or diet from the year that 
they were sampled (collected during or after July of the 
sampling year). However, it is unlikely that pooling feather 
samples representing diet sources from different years led 
to the sampling of diets from different habitats, given that 
our banding data indicated that jays captured early in the 
summer are generally long-term residents at their breed-
ing sites (EHW unpubl. data). We collected 50 mm of the 
first primary of each sampled jay and rinsed samples in a 
2:1 chloroform:methanol solution to remove surface con-
taminants. We sampled food items (invertebrates, berries, 
acorns, conifer seeds, and anthropogenic food, as listed 
in Online Resources 1 and 2) at capture sites in all parks 
during each field season in three of the four study years 
(2011–2013) following methods in (West et  al. 2016) to 
compare the isotopic signature (in δ13C and δ15N) of jay 
feathers to the isotopic signatures of potential prey items. 
We did not include marbled murrelets as a potential die-
tary source in stable isotope analyses of Steller’s jay diet, 
because murrelet abundance is very low relative to jay 
abundance and murrelets likely constitute a negligible por-
tion of jay diets (West et al. 2016). Diet samples were dried 
for 72 h at 56 °C and homogenized in a ball mill. For 13C 
and 15N analysis, samples were weighed, placed in tin cap-
sules, and analyzed with a Costech 4010 elemental ana-
lyzer attached to a Thermofinigan DeltaPlus XP Continu-
ous Flow Isotope Ratio Mass Spectrometer at the Stable 
Isotope Facility at the University of Wyoming. Results are 
provided as per mil [parts per thousand ‰)] ratios relative 
to the international standards of Peedee Belemnite (PDB; 
δ 13C) and atmospheric nitrogen (AIR; δ15N) with cali-
brated internal laboratory standards. We grouped jay diet 
samples into three biologically and isotopically distinct 
groups within each park: anthropogenic food, mast (fruit 
from trees and shrubs, including acorns, pine seeds, and 
berries), and invertebrates based on West et al. (2016). We 
adjusted the isotopic values of diet sources using correc-
tion factors derived for feathers based on an experimental 
study of a passerine with a diet similar to that of Steller’s 
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jays +3.3‰ (SD = 0.04) for δ15N and +3.5‰ (SD = 0.1) 
for δ13C (Pearson et al. 2003). We tested for differences in 
the consumption of human foods, among the four groups 
of jays (forest, intermediate, periphery, and campground) in 
Big Basin and among two groups of jays (forest and camp-
ground) in Butano using analysis of variance (ANOVA) 
with δ13C as the dependent variable.

Assessing body condition

We assessed Steller’s jay body condition using two different 
methods, total body lipid content and the width of feather 
growth bars. For both analyses, we used a subsample of 
jays removed as part of the US Department of Agriculture 
and California State Parks predator management activities 
in Big Basin and Butano State Parks. Collected birds were 
frozen and stored for post-mortem analysis of lipid content. 
At a later date, thawed birds were dissected to remove the 
small intestine, liver, heart, and gizzard. After flushing with 
avian Ringer solution (aqueous sodium, potassium, and cal-
cium salts; 0.01%), the wet masses of internal organs were 
recorded (±0.10  mg), placed into aluminum weigh boats, 
and dried in a 60 °C drying oven to a constant mass until 
analyzed for composition. Dry masses of tissue samples 
were recorded and individually wrapped in pre-dried filter 
paper. Lipids were extracted from the samples using diethyl 
ether in a modified Soxhlet side-arm extractor. Lean dry 
mass, tissue mass extracted (g dry tissue–g lean dry tissue), 
and tissue lipid content (g tissue extracted  g−1 lean dry tis-
sue) were calculated to assess total body and organ lipid 
content, hereafter total body lipid content. We used anal-
ysis of covariance (ANCOVA), where standardized total 
body lipid content (hereafter body condition index) was 
the response variable and ordinal date of each removal date 
was used as a continuous predictor variable, while year, 
park, sex, and habitat (forest or campground) were used 
as categorical predictor variables (note that we were una-
ble to identify “periphery” and “intermediate” jays among 
lethally sampled individuals).

We assessed feather growth bar width (mm) in the outer-
right rectrix from removed jays. Each growth bar, consist-
ing of alternating dark and light bands, a few millimeters 
in width, is formed over a 24-h period. Wide growth bars 
reflect fast feather growth, and because feather growth is 
costly, the width of the bar reflects the condition of the bird 
during molt (Grubb 2006). Feathers were photographed 
using a Canon PowerShot S95 digital camera and growth 
bars were visualized using the ImageJ software for meas-
urement of growth bar width following methods outlined in 
Grubb (2006). Measurements (in mm) were averaged for a 
final mean growth bar size for each feather. We standard-
ized both measures by tarsus length cubed  (mm3), which 
reflects body size ‘volume’ and is related to structural 

body size (Sibly et al. 1987). We used ANOVA to compare 
feather growth bar width between habitats, years, parks, 
sexes, and among years.

Estimating density and reproductive rates

We used point counts and distance-sampling techniques 
to compare population density and reproductive rates of 
Steller’s jays at campground and forest sites in Big Basin. 
Point counts were conducted following standard, 5-min 
survey methods (Ralph et al. 1995) at 14 sample points (7 
campground and 7 forest sites) four times per year from 
mid-May to mid-August (once per month) in 2011, 2012, 
and 2013. Points at campground sites were located in the 
center of campgrounds so as to avoid counting birds on the 
periphery of these areas. Points at forest sites were located 
a minimum of 2 km from any campground or picnic area 
and were located along roads or trails to facilitate access. 
We began point counts at 0700 and continued for approxi-
mately 3 h if weather conditions were acceptable (i.e., low 
wind and no rain). We measured and flagged distances in 
10-m increments from the center of each point to estimate 
distances to detected birds. Individuals detected >50  m 
beyond the plot center were excluded from analyses. HY 
individuals were distinguished from AHY individuals 
based on their distinctive vocalizations such as begging 
calls, as well as plumage characteristics such as their gray 
breast feathers (compared to the blue breast feathers of 
AHYs; Pyle et al. 1997).

We estimated jay densities from the point count data 
(both visual and auditory detections) using distance-sam-
pling techniques implemented in Program Distance to 
account for imperfect detection (Thomas et  al. 2004). We 
estimated jay densities within each habitat type (camp-
ground and forest) and for each age class (HY and AHY) in 
four separate analyses, treating month and year as covari-
ates. Details regarding the modeling of detection functions 
are provided in Online Resource 3. We then estimated 
reproductive rates for Steller’s jays by calculating the ratio 
of HY density to AHY density in each habitat, which can 
provide a “snapshot” of the per-capita reproductive out-
put of a group of individuals that incorporates all of the 
components of reproduction, including the proportion of 
breeders, nest success rates, and productivity (Peery et al. 
2007). We used AHY density estimates from the month of 
June to minimize the potential impacts of post-breeding 
movements given that AHY jay densities in campgrounds 
increased by 22% from June to August (West et al. 2016). 
Although some AHY jays radio-marked in forests used 
campgrounds for foraging (West et  al. 2016), 93% of the 
detections of these individuals in campgrounds occurred 
in July and August, and thus immigration likely had little 
effect on June estimates of AHY density in campgrounds. 
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Moreover, none of the 50 radio-marked AHY jays dis-
persed out of campgrounds prior to the end of June and 
AHY jays present within campgrounds in June were, thus, 
reasonably assumed to represent locally breeding indi-
viduals. We used HY density estimates from the month of 
August to calculate age ratios, because this month repre-
sents the peak fledgling period and precedes juvenile dis-
persal, which begins in September (EHW unpubl. data). 
We observed one instance of two HY jays moving with 
their radio-marked parent from the forest to a campground, 
but such movements were sufficiently rare that they did 
not substantively impact comparisons of HY:AHY ratios 
between campground and forest habitats (see calculations 
in “Results”). We averaged annual estimates for both the 
numerator and the denominator when estimating an over-
all HY:AHY ratio for both campground and forest habitats. 
We used the delta method to approximate sampling vari-
ance for campground and forest HY:AHY ratios (Powell 
2007).

Estimating home range size and overlap

We compared home range size and overlap between radio-
marked forest, intermediate, periphery, and campground 
individuals to determine if anthropogenic food subsidies 
reduced home range size and increased home range over-
lap. We tracked jays from May 1 to August 15, a period 
that largely coincides with known Steller’s jay nesting dates 
in coastal California (April–July; Brown 1963). We used 
a handheld telemetry receiver (model R410, Advanced 
Telemetry Systems, Isanti, Minnesota) to relocate focal 
individuals through daily ground-based telemetry surveys, 
which were conducted between 0700 and 1900 h by walk-
ing trails and driving roads in search of signals emanat-
ing from radio-marked individuals, allowing at least 2  h 
between location determinations taken on the same day 
(Swihart and Slade 1985).

We estimated jay home range size as the area (ha) based 
on 95% utilization distributions derived using fixed kernel 
density estimates (Kernohan et  al. 2001). We used Least 
Squares Cross Validation for bandwidth (i.e., smoothing 
parameter) estimation (Gitzen et al. 2006) in the Geospatial 
Modeling Environment for ArcGIS (Beyer 2012). We quan-
tified home range overlap between pairs of AHY jays cap-
tured within 100 m of one another during the same breed-
ing season. We limited overlap analyses to pairs that were 
captured in close proximity, because jays captured at forest 
sites tended to be captured further away from one another 
than jays captured in campgrounds. Moreover, we did not 
include male–female pairs as these might have represented 
mated individuals and thus not reflected territory spacing. 
Home range overlap was quantified using the Utilization 
Distribution Overlap Index (UDOI) (Fieberg and Kochanny 

2005) with the adehabitat package (Calenge 2006) in the R 
statistical environment (R Development Core Team 2014). 
The UDOI is based on the product of the two home range 
utilization distributions and generally ranges from 0 (no 
overlap) to 1 (100% overlap) (Fieberg and Kochanny 2005).

Experimental tests of agonistic interactions

To further explore the behavioral mechanisms that may 
facilitate or impede resource matching, we conducted feed-
ing experiments designed to assess the level of agonistic 
interactions that occurred in response to food subsidies in 
campgrounds. Thirty-six feeding trials were conducted on 
individually banded AHY jays in Big Basin campgrounds 
during the breeding season (April–August) in 2014. We 
presented jays with supplemental food in the form of six 
peanuts, replenished as needed, and placed on randomly 
selected picnic tables separated by at least 30  m. We 
assumed that the table presentation was an accurate reflec-
tion of foraging behavior in the park, because jays fre-
quently consume human-provided food in campgrounds, 
and are conditioned to forage on picnic tables (EHW pers 
obs). Feeding trials were conducted between 0800 and 
1200 h and jays were attracted to trial locations by broad-
casting recorded vocalizations. During trials, we recorded 
the color band combination of each individual that visited 
the location, but did not record the behavior of unbanded 
jays given their unknown identity. Each interaction between 
a pair of banded individuals was scored on a numerical 
scale (0–5) based on the intensity of the aggression: no 
aggression (0); wing-flicking displays and calls (1); dis-
placement behaviors (2); chasing (3); aggressive sidling 
(4); and fighting (5). Each aggressive (non-zero) interaction 
was assigned a winner and a loser based on which individ-
ual was dominant over the other (i.e., if subordinate birds 
were supplanted by dominant birds during the course of 
agonistic interactions that were scored >0). We then char-
acterized jay dominance hierarchies with respect to access 
to food subsidies at a subset of five neighboring trial loca-
tions. Specifically, we assessed the relative rank of each 
individual at each location based on the outcome of agonis-
tic interactions (i.e., win versus loss) with other individuals 
that regularly occurred in the area. Results including ± are 
given as the standard error.

Results

Stable isotope analyses

We analyzed feather samples from 105 individual AHY 
Steller’s jay feathers for δ13C and δ15N stable isotope 
ratios (Big Basin campground sites: n = 13 females and 41 
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males; Big Basin forest sites: n = 6 females and 12 males; 
Butano campground sites: n  =  5 females and 12 males; 
Butano forest sites: n = 1 female and 15 males; sexes were 
pooled for analyses). Both δ13C and δ15N isotope signa-
tures of Steller’s jay feather samples fell within the mix-
ing space of the three diet groups considered, suggesting 
that dietary sources were well represented by our sampling 
of potential food sources (Fig. 1a, b). δ13C was greater for 
anthropogenic food than for mast and invertebrates, and 
Steller’s jays enriched in δ13C were, therefore, assumed to 
have consumed a greater proportion of anthropogenic food 
sources. In Big Basin, δ13C differed among the four groups 
of jays (campground: −18.9‰ ± 0.27‰, n = 35; periph-
ery: −19.6‰ ± 0.35‰, n = 15; forest: −23.3‰ ± 0.36‰, 
n  =  13; intermediate: −20.25‰  ±  0.37‰, n  =  5) based 
on one-way ANOVA (F3,68 = 27.55, P < 0.001). Post hoc 
Tukey’s tests indicated that campground, periphery, and 
intermediate jays were more enriched than forest jays (all 

Ps < 0.01) and that campground, periphery, and intermedi-
ate jays did not differ in δ13C enrichment (all Ps > 0.21). 
In Butano, campground birds were more enriched for δ13C 
than forest birds (campground: –22.2‰ ± 0.22‰, n = 17; 
forest: −23.2‰  ±  0.11‰, n  =  16) based on one-way 
ANOVA (F1,31 = 257.21, P < 0.001).

Body condition

Campground jays were in better body condition than forest 
jays in both parks based on lipid composition analysis and 
feather growth bar measurements of lethally sampled AHY 
jays.

Specifically, standardized lipid mass was greater in 
campground than forest jays (F1,34  =  28.81, P  <  0.01, 
n = 41; Fig. 2a), as was feather growth bar width: ANOVA, 
F1,32 = 32.27, P < 0.01, n = 38; Fig. 2b). Lipid mass was 
not associated with ordinal date, year, park or sex, or the 
interaction between ordinal date and sex (ordinal date: 
F1,34 = 0.45, P = 0.50; year: F1,34 = 0.025, P = 0.87; park: 
F1,34 = 0.004, P = 0.95; sex: F1,34 = 1.57, P = 0.22; ordinal 
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date and sex: F1,34 = 0.34, P = 0.56). Feather growth bar 
width was different among years (ANOVA, F1,32  =  6.27, 
P = 0.02), but did not differ between parks and sexes (park: 
F1,32 = 2.49, P = 0.12; sex: F1,32 = 0.28, P = 0.59).

Density and reproductive rates

AHY density was significantly greater in Big Basin camp-
grounds (4.33 jays/ha ± 0.91) than at forest sites (0.70 jays/
ha  ±  0.22) based on June point counts (F1,17  =  855.58, 
P < 0.01; Fig. 3a). HY densities were significantly greater 
in campgrounds (3.30 jays/ha ± 0.82) in August than at for-
est sites (0.18 jays/ha ± 0.08; Fig. 3a). Reproductive rates, 
as indexed by the ratio of August HY to June AHY den-
sity, were threefold greater in campgrounds (0.76 ± 0.22) 
than at forest sites (0.25 ± 0.12; F1,2 = 990.02, P < 0.01, 
Fig. 3b). While we observed two sibling HY jays that were 
the offspring of a radio-marked jay moving from forest to 
campground sites in July, we estimated that such move-
ments only resulted in a small upward bias in campground 
HY:AHY ratios that were unlikely to impact our inference 
of greater reproductive rates in campground than forest 
sites. Specifically, if the 22% increase that we observed in 
AHY densities from June (4.33 jays/ha) to August (5.30 
jays/ha) was the result of dispersal from forest sites, and 
the proportion of these dispersers that brought HY off-
spring with them was the same as we estimated for jays 
radio-marked at forest sites (20%), the “true” campground 
HY:AHY ratio would be 0.67 and thus 2.8 times greater 
than at forest sites.

Home range size and overlap

We radio-marked a total of 62 AHY jays in Big Basin, 
50 in campgrounds and 12 at forest sites (n  =  45 males, 
n = 17 females). We obtained an average of 34.4 locations 
per individual (range: 31–40) and tracked individuals for an 

average of 87 days (range: 62–124 days). Five individuals 
captured at forest sites made regular movements to camp-
grounds to make use of anthropogenic food and hereafter 
are referred to as “intermediate jays”. Therefore, we com-
pared home range size among all four groups of jays (for-
est, intermediate, periphery, and campground jays) using a 
two-way ANOVA with sex as an additional factor and log-
transformed home range size for normality. Home range 
size was different among habitats (F3,61 = 49.38, P < 0.01) 
but not between sexes (F1,61  =  1.09, P  =  0.30). Mean 
home range size was 5.40 ha ± 0.62 for campground jays, 
43.8 ha ± 18.7 for forest jays, 88.3 ha ± 45.8 for periph-
ery jays, and 276.8  ha  ±  91.1 for intermediate jays. Post 
hoc t tests of least-square means of home range size indi-
cated that all pairwise comparisons were highly significant 
(all Ps  <  0.01) except between forest and periphery jays 
(P = 0.62).

Male AHY jays radio-marked in the same campground 
and breeding season exhibited a high degree of home range 
overlap based on a qualitative examination of relocation 
data (Fig.  4a). Indeed, home range overlap among AHY 
jays was greater in campgrounds (median campground 
UDOI = 0.45, n = 34 pairs) than at forest sites (median for-
est UDOI = 0.07, n = 6 pairs; U = 156, P < 0.01; Fig. 4b).

Experimental tests of agonistic interactions

Most pairwise interactions (65%, n = 438) observed among 
banded Steller’s jays during experimental feeding trials 
involved agonistic behaviors (i.e., score >0; Fig. 5a). The 
mean agonistic score across all 36 trials was 2.7. However, 
the intensity of agonistic interactions weakened over the 
breeding season (F1,635  =  29.50, P  <  0.01; Fig.  5b). Our 
analysis of dominance hierarchies of male Steller’s jays 
at nearby picnic tables indicated a linear and stable social 
rank of each individual and revealed fine-scale shifts in 
dominance among the picnic tables (Fig.  5c). Individual 
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male jays (n  =  7) were determined to be dominant over 
other jays (n  =  5) based on the number and outcome of 
agonistic interactions (win versus loss; Online Resource 
4). In general, high-ranking jays supplanted subordinates at 
individual picnic tables much more frequently than being 
supplanted themselves, and were thus deemed dominant at 
those locations (Online Resource 4).

Discussion

A priori predictions (Table  1) supported the hypothesis 
that Steller’s jays were under-matched to resource sub-
sidies present within campgrounds. In particular, jays in 
campgrounds were enriched in δ13C, indicating that these 
sites provided a source of anthropogenic foods from the 
~100,000 visitors per year that camp and consume food 
in Big Basin and Butano campgrounds (California State 
Parks, unpubl. data). Moreover, jays in campgrounds 
tended to be in better body condition, as indicated by both 
lipid stores and feather growth bars, presumably as a result 
of these resource subsidies. Improved body condition, in 
turn, appeared to promote higher reproductive output com-
pared to putatively unsubsidized jays at nearby forest sites. 
We were unable to compare survival rates between habitats, 
given that forest jays were not habituated to humans, result-
ing in a modest sample size of individuals radio-marked 
in this habitat (n = 12). In principle, higher survival rates 
in forest than in campground jays could compensate for 
greater reproductive rates in campground jays, leading to 
similar fitness between the two habitats. Indeed, survival 
rates differ between subsidized and unsubsidized habitats in 

other bird species (Evans et  al. 2015), often with greater 
top–down effects and lower survival in urban systems 
(Loss et  al. 2014). However, our study differs from stud-
ies of subsidized bird populations in urban systems as: (1) 
campgrounds were small in extent and embedded within 
the broader forested landscape (a single raptor home range 
could encompass all sampled areas in both habitats) and 
(2) cats were not present, suggesting that appreciable dif-
ferences in predation pressures may not exist between the 
two habitats. Moreover, annual survival rates for HY and 
AHY jays in campgrounds are high based on radio-telem-
etry (SHY = 0.74, n = 50 and SAHY = 0.92, n = 30; EHW, 
unpubl. data), indicating that survival in forest jays would 
need to be exceptionally high to compensate for the esti-
mated ~3× greater reproductive rates in campground jays. 
Therefore, we suggest that jay total fitness was greater in 
campgrounds than forests and that, collectively, our results 
indicate that campgrounds provided higher quality habitat 
for jays than forests.

The pattern of under-matching to locally abundant 
resources that we observed in Steller’s jays was consist-
ent with expectations under an ideal despotic distribution. 
Under-matching, however, was observed despite high den-
sities and space use overlap in campgrounds, even though 
negative density dependence and the absence of territo-
rial exclusion are key mechanisms believed to promote 
resource matching or over-matching (Ridley et  al. 2004). 
We also observed regular agonistic interactions and space 
use contraction in the presence of food subsidies within 
campgrounds, both of which are expected to reduce the 
benefits of selecting resource-rich habitats and potentially 
homogenize fitness of individuals occurring in habitats 

a b

Fig. 4  a Home range overlap between five AHY male Steller’s jays 
at Bloom’s Creek campground radio-tracked during the 2011 breed-
ing season in Big Basin Redwoods State Park. Colored points corre-
spond to individual jays and b pairwise index of home range overlap 

(utilization distribution overlap index or UDOI) for male AHY Stel-
ler’s jays in Big Basin Redwoods State Park forest sites (filled bars; 
n = 6, including two female jays to increase sample size) and camp-
grounds (unfilled bars; n = 34), 2011–2013
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with different levels of resources (Shochat et  al. 2006). 
Thus, the site-related dominance structure that both we 
and previous studies (Brown 1963) have described in Stel-
ler’s jays appears to have led to fitness patterns consistent 
with an ideal despotic distribution, despite also facilitating 
behavioral processes typically believed to lead to the break-
down of this form of habitat selection and, instead, promote 
resource matching or overmatching.

How, then, is under-matching maintained in jays using 
subsidized habitats? Collectively, the results of our experi-
mental evaluation of dominance hierarchies, stable isotope-
based dietary assessments, and space use analyses indicated 
that socially dominant jays in campgrounds likely limited, 
but did not entirely exclude subordinate individuals from 
access to anthropogenic foods. Our experiment and associ-
ated behavioral observations revealed that even subordinate 
individuals were able to access some anthropogenic foods 
(Online Resource 4). Moreover, periphery and intermediate 

jays, both of which were presumably nesting and roosting 
in surrounding forests (West et al. 2016), were as enriched 
for δ13C as “true” campground jays. While we did not have 
direct evidence that individuals in these two groups were 
subordinates, they were unlikely to be at the top of domi-
nance hierarchies given that site-related dominance in Stel-
ler’s jays typically attenuates from breeding sites (Brown 
1963). Finally, all periphery and intermediate jays were 
more enriched for δ13C than the most enriched forest jays 
(Fig. 1). These results are perhaps unsurprising given that 
dominant individuals must attend nests and young and are 
unlikely to be able to contest access to food by subordinate 
individuals at all times. The behavioral plasticity and cog-
nitive abilities of corvids may also allow even putatively 
subordinate jays to take advantage of locally abundant 
resources in camprounds in spite of agonistic interactions, 
as corvids possess episodic-like memory, can predict the 
behavior of conspecifics (reviewed in Emery et  al. 2007), 

a

b

c

Fig. 5  a Frequency of agonistic interactions between Steller’s jay 
dyads conducted during experimental trials. Interactions were scored 
on a scale from 0 (no aggression) to 5 (fighting); b mean intensity 
of aggressive interactions between Steller’s jay dyads with respect 
to ordinal date for 36 experimental trials conducted during the 2014 
breeding season in Big Basin Redwoods State Park campgrounds; 
and c dominance hierarchies of male Steller’s jays (n = 7) at nearby 

picnic tables (n = 5) in a campground in Big Basin Redwoods State 
Park. Individual jays were ranked based on the number and outcome 
of each agonistic interaction between dyads, which were determined 
during 36 experimental trials in 2014. Each color represents an indi-
vidual and the size of each jay represents rank, from largest (domi-
nant) to smallest (least dominant) at each picnic table (color figure 
online)
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and can learn to recognize individual conspecifics and 
humans (Cornell et al. 2012). In sum, food subsidies appear 
to provide a significant food source regardless of social sta-
tus and jays using campgrounds may mostly be “winners” 
rather than mostly “losers” as Shochat (2004) proposed for 
subsidized bird populations. The net result being that jays 
in campgrounds appear to acquire sufficient human food 
resources, such that density dependence effects, even at 
remarkably high densities, do not equalize population-level 
reproductive rates between subsidized and unsubsidized 
habitats.

Nevertheless, in the absence of strict territoriality, 
habitat selection theory suggests that jays in forests were 
expected to exploit anthropogenic foods in campgrounds 
given that there appears to be a surplus of such resources 
on a per-capita basis (i.e., reproductive rates are greater 
in campgrounds). In other words, why were jay densi-
ties in campgrounds not even higher than estimated, such 
that density dependence homogenized reproductive rates 
between habitats? Jays that exclusively used forests may 
have had imperfect knowledge of available resources in 
campgrounds. Alternatively, energy costs associated with 
traveling beyond the general vicinity of nests, as well as 
the risk of leaving nests unattended, may reduce the fit-
ness benefits of movements to campgrounds. Indeed, while 
movements from forests to campgrounds were detected in 
jays captured 1–2  km from campgrounds, similar move-
ments by the broader pool of jays occurring beyond 2 km 
are less likely for the reasons described above.

While the under-matching of dense Steller’s jay popula-
tions to resource subsidies was perhaps unexpected based 
on habitat selection theory and our observations of jay 
behavior and social system, the response of synanthropic 
species to resource subsidies in general appears to be some-
what idiosyncratic. A meta-analysis suggested that sub-
sidized urban birds tend to have comparatively low repro-
ductive rates and thus are overmatched to food subsidies, 
a finding that the authors attributed to competition over 
lower quality food resources resulting from a relative pau-
city of invertebrates (Shochat 2004; Shochat et  al. 2006). 
Nevertheless, many individual studies have detected higher 
reproductive output in subsized habitats (Horak and Lebre-
ton 1998; McGowan 2001), whereas others have observed 
that mean reproductive output in subsidized populations 
was matched to the distribution of food resources (Rode-
wald and Shustack 2008). Distentangling the mechanims 
behind differences in results among studies is challenging 
because of differing methodologies and sample sizes, dif-
ferences in species life history, and heterogeneity in envi-
ronmental conditions across studies. However, our system 
differed from the growing body of studies of birds in sub-
sidized urban habitats in that our study area was embedded 
within a much broader unsubsidized landscape; moreover, 

other than the prevalence of human foods, campgrounds 
and surrounding forests were similar in structure and veg-
etation conditions. Indeed, the diet of campground jays was 
composed of up to 20% invertebrates (West et  al. 2016) 
and it is, therefore, possible that anthropogenic food sub-
sidies in camprounds provided a caloric benefit without 
an associated reduction in overall nutritional quality to jay 
diets. This finding may extend to synanthropes in protected 
areas with access to both natural and human foods, and it 
is unlikely that Shochat’s (2004) ecological trap principle 
extends to such systems. Rather, local food subsidies within 
protected areas may provide fitness benefits to a broader 
array of synanthropic species.

Our study has novel implications for the management 
of Steller’s jays in protected areas, because population 
growth rates for species that select habitats according to 
an IDD are expected to be more sensitive to the removal 
of high-quality habitats than species conforming to an IFD 
(Haché et al. 2013). As such, reducing the quality of high-
quality sites—i.e., campgrounds with heavy human food 
subsidies—has the potential to be an effective approach 
for reducing jay population size and growth rates within 
marbled murrelet nesting habitat. Presumably, doing so 
could reduce not just locally high jay densities in camp-
grounds, but potentially the number of offspring produced 
in campgrounds that ultimately disperse to establish breed-
ing territories in other forested areas used by murrelets. In 
a separate study, 60% of radio-marked HY jays (n  =  40) 
produced in campgrounds dispersed into murrelet nest-
ing habitat during their hatch year (EHW, unpubl. data). 
Curbing human food subsidies is challenged by the large 
numbers of campers in these areas; in fact, jays occurred 
at densities, had reproductive rates, and were in good body 
condition in campgrounds despite extensive and ongoing 
visitor education and trash management efforts. Never-
theless, changing human behavior through a combination 
of education, enforcement, and improved trash manage-
ment has been successful in other systems (Hopkins et al. 
2014), and greater efforts to increase public awareness of 
the consequences of feeding jays and other corvid preda-
tors could benefit declining murrelet populations. Relocat-
ing campgrounds could be an effective method for reducing 
high jay densities at specific sites regularly used by nesting 
murrelets (Peery et al. 2004), but poses political challenges 
for park managers tasked both with providing recreational 
opportunities for park visitors and preserving natural 
resources. Moreover, without concomitant reductions in 
food subsidies at relocated campgrounds, these sites may 
still act as source habitats that produce large numbers 
of young jays that disperse into murrelet nesting habitat 
within parks (Marzluff and Neatherlin 2006).

Our results also have implications for the management of 
synanthropic species in general. The fact that we observed 
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an IDD in a species that does not exhibit strict territorial-
ity indicates that non-territorial species do not necessarily 
conform to an IFD. Conversely, Haché et al. (2013) showed 
that territorial species can exhibit patterns of habitat selec-
tion consistent with an IFD, which also contrasts to theo-
retical expectations (Ridley et  al. 2004). Thus, removing 
high-quality sites may not necessarily be the most effec-
tive control strategy for territorial species, whereas such 
an approach may be effective for some non-territorial spe-
cies. Moreover, these results suggest that predicting general 
patterns in distribution and fitness for generalist predators 
occurring in heterogeneous landscapes based on their social 
system may be challenging. Rather, integrative autecologi-
cal studies of foraging ecology, space use, body condition, 
and demography may be required to develop effective man-
agement strategies for overabundant species.
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