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Abstract

Few studies address how resources and predation risk affect movement
patterns and the overall spatial use of prey species. Although movement
is generally considered to be dangerous, at large scales, movement may
be important for predator avoidance and the predictability of such
movement may be key. We examine the movement patterns of a small
bird (Junco hyemalis) in winter to better understand how these birds
might respond to the trade-off of unpredictable movements for predator
avoidance with the foraging benefits of visiting large, predictable food
sources. We manipulated resources by adding feeders to junco home
ranges and compared the movement patterns of these flocks to those
without access to feeders. Juncos with access to feeders were more spa-
tially and temporally predictable, had reduced movement rates and
smaller home range sizes. Our results suggest that the influence of
resource distribution on junco movements is high. Juncos with highly
productive and predictable resource hotspots may place more value on
resources than remaining unpredictable. Consequently, they may be
employing non-movement methods of anti-predator behavior, such as

vigilance, at feeders, although this requires further investigation.

Introduction

Resource distributions may be important for spatial
use in animals. There appears to be a negative rela-
tionship between resource quality or density and
home range size (McNab 1963; e.g. Dussault et al.
2005), and moreover, the distribution of resources
within a home range may also affect its overall
shape (Mitchell & Powell 2004). All else equal, the
more resources that are available, the less area an
animal may need to use to access a suitable number
of those resources. Territoriality, however, may com-
plicate this effect (Maher & Lott 2000), making spa-
tial use more a function of individual interactions
than resources per se (Adams 2001). Few, however,
have considered how predation risk and resource
distribution might interact to affect animal move-
ment patterns and overall spatial use (e.g. Jensen
et al. 2005), especially in non-territorial species.
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Recent theory predicts that predators should use
resource hotspots (point sources of abundant
resources), whereas prey should avoid areas where
predators are abundant (Hugie & Dill 1994; Sih
1998). This perspective, however, does not fully con-
sider movement as a behavioral strategy (Sih 2005;
but see Hammond et al. 2007), but rather considers
movement to be dangerous for prey (e.g. Werner &
Anholt 1993; Lima 1998). While this may be the
case at a small scale (Lima 1998), the wholesale
application of this idea to larger spatial scales reduces
risk to a constant probability in homogeneous space.
As behavioral interactions between predators and
prey can be dynamic (reviewed by Lima 2002 and
Sih 2005), the movement patterns of both predators
and prey, the predictability of that movement may
be important (Mitchell & Lima 2002).

In a situation where both predators and prey can
learn and move among different patches, a shell
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game may potentially emerge (Mitchell & Lima
2002). In such a game, movement by prey is consid-
ered optimal as stationary prey can quickly be found
and consumed by the learning predator (Mitchell &
Lima 2002). The forager then can face a trade-off
between predation risk and access to resources — the
predation costs of being predictable vs. the foraging
benefits of utilizing a predictable food source.

For birds, feeders are obvious resource hotspots.
Bird feeders typically represent resource densities
that can be orders of magnitude higher than the sur-
rounding landscape and consequently, attract large
numbers of birds (Wilson 1994). The large-scale
effect of bird feeders on bird movement and home
range use, however, is unknown. The spatial ecology
of wintering birds under the risk of predation in gen-
eral is poorly studied despite its importance for stud-
ies of small bird behavior. Indeed, most studies that
consider the anti-predator behavior of small birds
during the winter focus on activity at a single loca-
tion, typically a feeder. Consequently, we do not
know whether and how the behavior of these birds
changes when they do not have access to a feeder
and if our observation of behaviors at feeders is rep-
resentative of behavior away from a feeder.

Thus, we studied the movements of small birds in
conjunction with our previous hawk research (e.g.
Roth and Lima 2003, 2007a,b). We focused on the
dark-eyed junco (Junco hyemalis), which is an abun-
dant small bird species frequently included in the
diet of Accipiter hawks (Roth et al. 2006). Juncos at
our study site have figured prominently in recent
studies of anti-predator behavior (e.g. Lima &
Bednekoff 1999; Franklin & Lima 2001). In addition,
this species is particularly appropriate for use in a
movement study as they travel in groups of 15-20
individuals, flock stability is relatively high (approx.
75% of the members remain in the same flock
throughout the winter; Vetter and Roth, unpubl.
data) and they frequent birds feeders.

We tested the hypothesis that access to a hotspot
resource would affect the movement patterns of jun-
cos. We manipulated junco resources by adding
feeders and compared the movement, predictability
and home range use of birds with and without
access to these hotspots. We expected that juncos
with access to feeders would have reduced move-
ment and home range sizes, as predicted by resource
theory. In addition, shell game theory predicts
unpredictable movement patterns of prey, so we
expected juncos without feeders to have unpredict-
able spatial patterns. However, as hotspots restrict
activity somewhat, we expected the spatial patterns
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of juncos with feeders to be more predictable, but
independent of home range size.

Methods

Study Site

Our study site was located in west-central Indiana,
USA, approx. 7 km southwest of the city of Terre
Haute (population approx. 60 000). The landscape
was composed of small residential clusters, frag-
mented forest and, grassland and agricultural areas
(Fig. 1; see also Roth & Lima 2007a). The total site
covered approx. 45 km?.

Trapping and Tracking

Juncos were studied from early December through
early March of 2000-2004. All juncos were trapped
in mist nets either at feeders (with-feeder groups) or
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Fig. 1: A representative example of two dark-eyed junco (Junco hye-
malis) home ranges during the winters of 2000-2004. The home range
in blue (2.80 ha) contained a feeder. Note that 29% and 56% of
observed points fell within 5 and 50 m of the feeder, respectively. The
home range in red (27.92 ha) contained no feeder. The yellow lines
represent the cells used in the predictability analysis (see text for
details).
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in movement paths (without-feeder groups). Our
objective was to monitor the activity of entire groups
of juncos over the course of the winter. During the
initial trapping event for each flock, we attempted to
capture and color band as many members of the
flock as possible in order to determine flock mem-
bership. In addition, we attached 0.56 g (<3% total
body mass) radio transmitters (Holohil, Inc., Holohil
Systems Ltd., Carp, Ontario, Canada) to one to three
members of each flock. These transmitters were
glued to the backs of birds with cyanoacrylate glue
(Raim 1978). We chose to track several individuals
of a flock to ensure that we had continuous data
from that flock as transmitters can sometimes fail or
can be removed by the birds. The life of our trans-
mitters was approx. 20 d, well less than the duration
of the entire winter. In order to maintain continuous
data collection throughout the winter, we recaptured
and tagged members of the same flock every three
wk. Recapture did not seem to influence subsequent
movement patterns of the birds.

During radio tracking, each junco was located at
least four times daily and at roost. Locations were
recorded on detailed aerial photographs of the study
site and transferred by hand into ArcView GIS 3.2.
As these birds can easily fly across their home range
in minutes, the time between successive points
(mean = 156 min) is adequate to avoid the statistical
problems of autocorrelation (Otis & White 1999).

Feeders

Ten long-term feeders were created in the study site.
Each feeder was at least 1 km away from the other
and except for a few cases did not share birds. Feed-
ers consisted of an approx. 3 X 2 m area cleared of
vegetation to bare ground, upon which concrete
board was placed. Feeders were constantly stocked
with white millet (Panicum miliaceum) and corn meal
(Zea mays ssp.) and replenished about twice weekly.
It is important to note that our feeders represented a
food resource far greater than any available in the
natural environment and any other residential fee-
der in the landscape.

Our feeders were the only non-natural source of
food available to juncos in this study and feeder-less
juncos did not have access to any feeders within
their home range. The exception to this was a resi-
dential feeder nearby one of our feeder sites.
Although birds occasionally visited that residential
feeder, the feeder was not a reliable source of food
and was not likely to have a detectible impact on
our results.
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Statistical Analysis

We measured home range size, total distance moved
during the winter and total distance moved per day.
Home ranges were estimated using 95% least-
squares cross-validated kernel estimates (Worton
1989) in the Animal Movements extension (Hooge
& Eichenlaub 1997) for ArcView. Total distances and
daily distances moved were calculated in ArcView.

We also created two measures of predictability:
temporal and spatial. Temporal predictability was
measured as the time required to return to a given
area (as did Roth & Lima 2007a). Using ArcView,
we created a grid consisting of one ha cells across
the entire study site and then measured the time
required to return to a given cell. We could not
compare the observed distribution to that of a theo-
retically random distribution as did Roth & Lima
(2007a), because radio transmitter life was too short
to track the juncos for an adequate period of time.
Instead, we calculated a single measure of the proba-
bility of return as 1/(mean return time) and com-
pared this value across juncos. Only cells visited 10
or more times were used in this analysis.

For the analysis of spatial predictability, we chose
a statistical procedure that was independent of home
range size. Rather than determining the amount of
space within a particular utilization distribution (e.g.
a 10% kernel), we created a spatially randomized set
of small buffers and quantified the overlap of
observed junco locations within these buffers.
As this technique is independent of home range size,
it should detect non-random patterns of movement
regardless of the overall amount of space used by
the animal. The alternative of using home range ker-
nels could produce erroneous results due to a depen-
dence upon home range size. For example, a smaller
10% kernel area would be more likely produced in a
smaller 95% kernel home range.

Our estimate of spatial predictability was based on
the likelihood of points falling into buffers within
the home range. For birds with a feeder, we deter-
mined the proportion of all observed points that fell
into 10, 50, and 100 m buffers around the feeder.
The 10 m buffer represented activity at the feeder
itself, while the 50, and 100 m buffers represented
activity in the feeder area, but not on the feeder
itself. For birds without feeders, we generated 10, 50
and 100 m buffers in the 95% kernel home range.
We then determined the mean and maximum pro-
portion of observed points that overlapped each buf-
fer size (buffers independent; 1000 replicates).
This technique allowed us to identify the average
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and most frequently used area in the home range of
juncos without access to feeders. In addition, we cal-
culated the average overlap of our three buffers with
a random distribution of points within each 95%
kernel home range. We then compared these pro-
portions of use for juncos without feeders to the
observed proportion of use for juncos with feeders
using a Bonferroni corrected alpha of 0.017. It is
important to note that our comparison of the maxi-
mum overlap buffers (i.e. the sites most frequently
used areas in the home ranges) of feeder-less juncos
with those of a junco home range containing one of
our supplemental feeders was used as a conservative
test of the difference in the predictability of the max-
imum hotspot use between feeder and non-feeder
areas.

Although multiple birds were tracked in each
flock, all analyses were performed at the level of the
flock. Data from birds tracked simultaneously within
the same flock were averaged to a flock mean. Data
were log transformed when necessary to meet the
assumptions of parametric analysis. When those
assumptions could not be met with transformation,
non-parametric statistics were used. All statistical
tests were performed in systat 10.0 (systat 10.0, San
Jose, California, USA).

Results

Overall Spatial Use

Over the course of the study, we radio tracked 79 jun-
cos from 34 flocks (16 flocks without feeder, 18 flocks
with feeders). Feeders had a large effect on home
range size and movement (e.g. Fig. 1). The home
range size of junco flocks with access to our feeders
was significantly smaller than those without feeders
(t =6.736, df = 32, p < 0.0001; Fig. 2). The total dis-
tance moved was greater by juncos without a feeder
(U =207.0, n=31; »2=12981, df =1; p < 0.001).
Moreover, the mean daily movement was also signifi-
cantly greater for birds without a feeder (t = 6.506,
df = 32, p < 0.001). The grand mean distance for the
junco flocks without feeders (1206.5 £ 95.75 m) was
more than twice that of those flocks with feeders
(540.4 £+ 45.74 m). Year had no effect on our esti-
mates of spatial use (all ps > 0.400).

Predictability

Juncos with access to feeders were temporally more
predictable than those without feeders. The probabil-
ity of returning to frequently used cells was signifi-
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Fig. 2: Mean home range size of dark-eyed juncos with and without
supplemental feeder. Error bars are standard errors.

cantly higher when flocks had feeders in their home
range (U =1029.0, n = 83 cells; x> =7.046, df = 1;
p = 0.008). Of the 1136 possible cells available in all
junco home ranges, 83 cells contained enough data
to be included. Data from these cells represented 68
of 79 radio tracked birds. Interestingly, though, 10 of
the 11 birds that could not be included in this analy-
sis were from the non-feeder treatment. While we
cannot measure the temporal predictability of these
11 birds, per se, the fact that these individuals did
not return to any cell more than 10 times when
they were tracked for the same length of time as all
other groups suggests that they were spreading their
activity across their home range and thus were not
likely predictable.

Furthermore, feeders had the effect of concentrat-
ing spatial activity and thus making birds more spa-
tially predictable. Juncos with feeders spent
significantly more time localized within a single
area (i.e. the feeder) than did juncos without feeder
(Fig. 3, see also Fig. 1). This was the case at all
three scales of analysis when controlling for flock
(10 m: F3 30 = 50.176, p < 0.001; 50 m:
F5 50 =106.338, p < 0.001; 100 m: F;53p=143.192,
p < 0.001). In fact, juncos with feeders spent nearly
twice as much time in 50 and 100 m buffers
around the feeder than the maximum time spent
by any feeder-less junco in any other area of equal
size and over three times as much time at the fee-
der itself than any non-feeder bird did at any 10 m
buffer location. Furthermore, Tukey post hoc analysis
suggests that at all three spatial scales, the mean
buffer overlap (of 1000 replicates) did not differ sig-
nificantly from overlap with a random distribution
of points (10 m: p > 0.999; 50 m: p > 0.999; 100 m:
p = 0.995; Fig. 3).
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Fig. 3: The proportion of dark-eyed junco points within 10 m, 50 and
100 m buffers of feeders (hatched bars) and randomized non-feeder
locations (solid bars). Within the non-feeder treatment, the proportion
of overlap is considered relative to a random distribution of points
(black bars), the mean (of 1000 randomized replicates) overlap of
observed junco points (light gray) and the maximum (of 1000 random-
ized replicates) of observed junco points (dark gray bars). See text for
detail. Error bars represent standard errors.

Discussion

Access to reliable food resources (i.e. a feeder)
reduced small bird movement and increased the pre-
dictability of those movements. Small bird activity
was obviously focused on these feeder hotspots, sug-
gesting that the influence of resource distribution on
junco movements was high. Juncos with access to
our highly productive and predictable resource hot-
spots seem to have placed more value on those
resources than on remaining unpredictable.

With no feeder, junco flocks moved more, main-
tained larger home ranges, and were significantly
less spatially and temporally predictable than juncos
with access to our supplemental feeders. For birds
without feeders, there was no spatial anchor, or
what hotspots were available were not important
enough to act as anchors. These birds were forced to
use more space in order to find an adequate amount
of food and may have moved more in order to avoid
being found by predators. These birds were indeed
more difficult to find within their home range than
birds with feeders. This was certainly true for us
while tracking and was likely true for hawks as well.
In the situation without feeders, maintaining unpre-
dictability might be important and thus a shell game,
i.e. movement by prey to avoid predators and move-
ment by predators to find prey, might potentially
occur (e.g. Mitchell & Lima 2002).
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It is possible that the distribution of resources
alone was responsible for the observed effect on
junco spatial patterns. Indeed, animals with access to
high-density resources tend to use smaller areas in
which to obtain those resources and the distribution
of resources can influence home range size and
shape (Mitchell & Powell 2004). However, the key
prediction for our results is the difference in predict-
ability between the treatment groups. It is conceiv-
able that randomly distributed resources might
produce seemingly random movements and so our
results might be the product of resource distribution
alone. However, we are unaware of any hypotheses
that predicts independent of spatial scale a reduction
in the spatial or temporal predictability of movement
based on a scattered resource distribution. In fact,
two alternative movement strategies that could be
used with a scattered resource are to focus predict-
ably on several feeding locations (e.g. Ohashi &
Thomson 2005) or to systematically move through-
out an area completely depleting the resources
before moving on to the next location. These two
hypothetical movement patterns, however, were not
observed in our case.

When prey are spatially anchored, such as at a
feeder, they may instead drive the predator/prey sys-
tem (sensu Sih 2005). Accipiter hawks use unpredict-
ability as a hunting strategy (Roth & Lima 2007a),
which is probably the result of the prey’s behavior at
feeders (Roth & Lima 2007a). As our feeders were
such high-density resources, juncos may have been
inclined to spend a great deal of time there rather
than moving in a shell game. The differences
between feeder and non-feeder junco movements
was stark. This may have forced the juncos to use
non-movement types of anti-predator behaviors
such as vigilance and retreat to cover at feeders.
Consequently, feeder hotspots might then have
become less valuable for hawks, as increased activity
at feeders may prompt prey to become more vigilant
and more difficult to catch (Roth & Lima 2007a).
In response to this behavior, hawks might reduce
their use of feeders and visited them in a temporally
unpredictable manner. Do hawks hunt the same
way without feeders? Possibly not, although we
really cannot know for certain from this study.
While we tracked five hawks without feeders in pre-
vious work (Roth et al., unpubl. data), those hawks
still moved unpredictably on a daily scale (Roth &
Lima 2007a).

Unfortunately, we cannot determine from our
study the full relationship between predation and
resources, as we could not reliably measure perceived
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risk (i.e. vigilance) in the birds without feeders.
Determining the cost of being predictable is a key
step in fully understanding the movement patterns
of prey. We see this as an important next step in
this line of research that would allow for the sepa-
ration of the predation and resources hypotheses.
Group sizes equal, we would expect higher rates of
vigilance in birds at the feeders, as they could be
using increased vigilance to compensate for their
predictability. Still, our results are consistent with
our predictions based on the strategy of moving to
avoid predation risk.

In addition to measuring vigilance, a reasonable
next step in this research is to determine how the
quality of hotspot resources affect prey movement.
Hotspots certainly occur in natural systems (e.g.
fruit trees, a patch of seeding grass, etc.), but avail-
able natural hotspots in this study were not nearly
as valuable as our feeders. At more modest levels,
hotspots may become periodic locations worth vis-
iting and may elicit more lingering by prey, but in
effect may still not anchor their movements.
Another important factor could be the number of
hotspots in the home range. In our case, we
offered a single, highly valuable location. If several
highly wvaluable locations existed in the home
range of prey, we might expect to see less spatial
anchoring and more movement between patches,
e.g. traplining.

A final point of consideration is the effect of
feeders on the predatory dynamics of the small
bird/hawk system. From a conservation standpoint,
human-initiated feeders may have such large
impacts on the distribution of resources that they
change the way that predators and prey interact.
Feeders may be in part responsible for the rebound
in Accipiter populations since the ban of DDT and
other forms of persecution and may be changing
the way in which accipiters migrate by reducing
the length of migration (Viverette etal. 1996).
Whether through changes in behavioral strategy or
resources distributions alone, our data clearly show
that feeders have a strong impact on small bird
activity. Thus, they might have an effect on small
bird predators as well. This topic deserves more
study both from a behavioral and a conservation
standpoint.
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