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The use and misuse of public information by
foraging red crossbills
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Group foragers may assess patch quality more efficiently by paying attention to the sampling behavior of group members foraging
in the same patch (i.e., using ‘‘public information’’). To determine whether red crossbills (Loxia curvirostra) use public infor-
mation to aid their patch departure decisions, we conducted experiments that compared the sampling behavior of crossbills
foraging on a two-patch system (one patch was always empty, one patch containing seeds) when alone, in pairs, and in flocks
of three. When foraging alone, crossbills departed from empty patches in a way that was qualitatively consistent with energy
maximization. We found evidence for the use of public information when crossbills were paired with two flock mates, but not
when paired with one flock mate. When foraging with two flock mates, crossbills sampled approximately half the number of
cones on the empty patch before departing as compared to when solitary. Furthermore, as expected if public information is
used, the variance in both the number of cones and time spent on the empty patch decreased when crossbills foraged with two
flock mates as compared to when alone. Although high frequencies of scrounging reduce the availability of public information,
scrounging is usually uncommon in crossbills, apparently because they exploit divisible patches. Consequently, public informa-
tion is likely to be important to crossbills in the wild. We also show that feeding performance is greatly diminished when the
feeding performances of flock mates differ. This provides a mechanism that will favor assortative grouping by phenotype when
phenotypes affect feeding performance, which may in turn promote speciation in some groups of animals. Key words: assortative
flocking, crossbills, feeding performance, flocking, foraging behavior, Loxia curvirostra, optimal patch sampling, public infor-
mation, speciation. [Behav Ecol 10:54–62 (1999)]

The benefits of sociality have been a central focus in be-
havioral ecology (Krebs and Davies, 1993). A potential

benefit accrued from group foraging is improved resource, or
patch, assessment (Clark and Mangel, 1984, 1986; Ruxton,
1995; Valone, 1989, 1993). According to models of group
patch assessment, individual group members estimate patch
quality by combining their prior knowledge of the distribution
of prey with their current patch sampling information
(Green, 1980; Iwasa et al., 1981; McNamara, 1982). Besides
these two forms of ‘‘personal’’ information, group members
use the patch sampling behavior of fellow group members, or
‘‘public’’ information (Valone, 1989), as a supplementary
source of sampling information. A forager with access to pub-
lic information could assess patch quality more efficiently
than when relying on personal information alone (Clark and
Mangel, 1986; Ruxton, 1995; Valone, 1989, 1993).

Although many studies have tested optimal patch assess-
ment models for solitary foragers (Lima, 1984, 1985; Krebs
and Kacelnik, 1991; Stephens and Krebs, 1986), few have test-
ed the hypothesis of public information use. Templeton and
Giraldeau (1995) found that starlings (Sturnis vulgaris) for-
aging at a feeder used both their own sampling and the suc-
cessful sampling behavior of others to help assess patch qual-
ity. In a subsequent aviary study, Templeton and Giraldeau
(1996) found that starlings used the lack of foraging success
by partner birds to more rapidly assess patches and to depart
from empty patches. A third study showed that pairs of bud-
gerigars (Melopsittacus undulatus) used their own sampling
information, but disregarded the foraging success of their
neighbors when making patch departure decisions (Valone
and Giraldeau, 1993). Thus, the use of public information in
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patch assessment has been found in one of the two species
studied. Additional studies are needed on other species to
determine the prevalence and potential importance of such
behavior.

We used red crossbills (Loxia curvirostra) to test the use of
public information because observations in the field and lab-
oratory suggest that individuals are sensitive to the feeding
behavior of flock mates (Benkman, 1988, personal observa-
tion), and crossbills flock year round (Benkman, 1997; New-
ton, 1972). Crossbills are specialized for foraging on seeds in
conifer cones on trees (Benkman, 1993; Newton, 1972). When
husking seeds, crossbills lift their bills from the cone (Benk-
man, 1997). This motion is distinctive and likely provides
patch quality information (see Valone, 1989). In addition,
crossbills can scan for predators (Benkman, 1997) and pre-
sumably observe the foraging behavior of flock mates while
husking seeds.

We first tested whether solitary crossbills assess patch quality
and depart from resource patches in a way that is consistent
with energy maximization. The energy maximization solution
was determined using Lima’s (1985) patch assessment model.
If crossbills were foraging in an energy-maximizing manner,
then it could be assumed that changes in sampling behavior
through time were not the result of crossbills acquiring ad-
ditional experience. The assumption that crossbills should for-
age so as to maximize energy intake is reasonable given that
crossbill foraging behavior in the wild is consistent with such
an assumption (Benkman, 1987b, 1989), and much of the
morphological variation between crossbills appears to be re-
lated to maximizing feeding intake rates on different species
of conifers (Benkman, 1993; Benkman and Miller, 1996).

Second, we tested the hypothesis that crossbills assess food
patches more efficiently by combining personal information
gained from their own sampling behavior with public infor-
mation acquired from observing the sampling behavior of
flock mates on the same patch. We predicted that crossbills
using public information should depart from poor patches
sooner when foraging in flocks than when foraging alone. In
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Figure 1
A schematic of the indoor avi-
ary (left) and half a tree
(right). Four open lodgepole
pine cones (not shown) were
mounted on each limb.

addition, the variance in patch departure time should be
smaller when foraging in flocks than when foraging alone
(Templeton and Giraldeau, 1995), although, unexplicably, a
reduction in variation was not found in the study by Temple-
ton and Giraldeau (1996).

Finally, we show that feeding performance is greatly dimin-
ished when the feeding performances of flock mates differ.
This provides a mechanism favoring assortative grouping by
phenotype when phenotype affects feeding performance
(e.g., Benkman, 1993). Assortative grouping, in turn, could
promote speciation in animals like crossbills, which flock year
round (Benkman, 1992, 1997; Newton, 1972) and may choose
mates from within their flock. This potentially important con-
sequence of public information use has heretofore been un-
recognized.

METHODS

Experiments were conducted in an aviary at the New Mexico
State University Animal Care Facility from 20 May to 14 July
1996, from 13 September to 14 October 1996, and from 19
May to 2 June 1997. A 1.3-cm mesh hardware-cloth partition
divided the aviary into two separate halves (Figure 1). We used
two artificial trees to represent resource patches (Figure 1).
Half of each tree was secured on one side of the screen par-
tition and next to the other half to represent a single tree or
resource patch. One tree was present near each end of the
aviary (Figure 1). Each half-tree was 1.9 m tall and had ten
37-cm long pieces of wooden doweling as limbs. The limbs
were arranged on seven different levels 15 cm apart on the
bole. A 23-cm crossbranch was placed 11 cm from the distal
end of each limb. Open lodgepole pine (Pinus contorta)
cones were mounted 1 cm from the end of each limb and
crossbranch and 21 cm from the distal end of the main lateral
branches, yielding a total of 4 cones per limb and 40 cones
per half tree. Each cone was uniquely labeled with a num-
bered piece of tape that hung below the cone. We used this
setup because it roughly mimics a natural situation. This re-
duces the chance that not using public information was
caused by unfamilar cues in an artificial environment.

Five wild-caught red crossbill [type 2 of Groth (1993)],
which had lived in the right half of the aviary for nearly 3
years, were used in the experiments. Before the experiments,
each crossbill was allowed to forage on the artificial trees for

a total of 17 trials each. During the first two trials every cone
contained three seeds. Next, each crossbill was allowed to for-
age when: 1 tree had no seeds and 1 tree had 3 seeds in each
of 20 cones (5 trials); 1 tree had no seeds and 1 tree had 3
seeds in each of 8 cones (5 trials); and 1 tree had no seeds
and 1 tree had 3 seeds in each of 4 cones (5 trials), which
was the food distribution used in all subsequent trials for the
focal crossbill. Crossbills were deprived of food for .15 h be-
fore each day of experiments.

On the right side of the aviary we conducted the experi-
ment to test whether solitary crossbills depart from food
patches (trees) in a way that maximizes energy. Only one tree
had seeds during a trial. We selected the tree to contain seeds
randomly, with the constraint that a tree could not contain
food or be empty for more than three consecutive trials.
When a tree contained food, four randomly selected cones
(10% of cones) each contained three lodgepole pine seeds,
with the requirement that the same cone could not contain
food during two successive trials.

During the experiments, we released one crossbill into the
right side of the aviary. To reduce the chance that differences
between solitary and paired foraging were the result of chang-
es in vigilance, a second crossbill occupied the left side of the
aviary. This crossbill did not provide foraging information; it
had a broken wing and was not provided with foraging sub-
strates. A trial began when the crossbill landed on a tree and
ended when the crossbill left or stopped foraging on the sec-
ond tree. The termination of active foraging by crossbills was
not the result of satiation; crossbills always foraged vigorously
on food provided after the trials. Instead, crossbills apparently
stopped foraging because seeds had been depleted and intake
rates declined. At the end of a trial the lights were turned off,
then the crossbill was caught and placed in a holding box
while cones were emptied and the uneaten seeds counted.
Trees were then restocked for the next trial. The mean inter-
trial interval for each individual crossbill ranged between 155
s and 178 s. Usually 15 consecutive trials were run per crossbill
each day. We conducted between 89 and 191 solitary trials per
crossbill.

While watching through a window, one of us ( J.W.S.) re-
corded the number of cones sampled (crossbills peered into
or probed with their bills) on each tree while another observ-
er recorded, with a digital stopwatch, the time to the nearest
second spent on each tree. We only analyzed data from the
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first tree visited. After each day of experiments, we analyzed
the data to detect whether cone-sampling behavior had sta-
bilized. To visualize the trends, we fit a cubic spline with l set
at 1000 to the data for the number of cones sampled and time
spent on an empty tree. When the data appeared to stabilize,
we used linear regression through the last 20 data points for
three of the crossbills. We used a regression through the last
30 data points for two of the crossbills (47 and Yellow), be-
cause the number of cones sampled appeared to oscillate with
no apparent overall upward or downward trend. We assumed
cone-sampling behavior had stabilized and ended the trials
when the slope of the regression did not differ from zero at
p . .5.

We used Lima’s (1985) patch assessment model to solve for
the rate-maximizing solution for each crossbill. This model
assumes systematic search. Thus, we first calculated the cone
revisitation rate for each crossbill and tested for systematic
search as in Templeton and Giraldeau (1996). Lima’s model
uses both fixed and individually measured parameters. The
fixed parameters were the probability that a patch (tree) con-
tained food (0.5) and the number of cones with seeds in a
patch with food (4). Three individually measured time param-
eters were estimated for each crossbill, including the time
needed to search an empty cone (te), the time needed to
search and handle a seed from a full cone (tf), and the time
needed to travel between patches (tt). We determined the
time to check an empty cone (te) for each crossbill by dividing
the total time spent on an empty patch by the number of
cones sampled averaged over the last 20 trials. An estimate of
the time to search and eat from a full cone (tf) was obtained
for each crossbill from the last 20 food patches sampled as in
Lima (1985:233):

tf 5 {[f 2 (b 2 m)te]/m}/20,

where f represents the total time spent on the food patch, b
represents the total number of cones checked, m represents
the number of seeds found (0–12), and te is the estimate ob-
tained above. Travel time (tt) was estimated for each crossbill
as one-half of the sum of the time taken to fly between trees
(1 s) and the mean intertrial interval averaged over the last
20 trials. We used t tests to compare the observed mean num-
ber of cones sampled by each crossbill before departing the
empty patch during the last 20 trials to its predicted individual
rate-maximizing solution (Lima, 1985). We used paired t tests
to determine if the crossbills as a group under- or oversam-
pled cones. In addition, for each crossbill we calculated the
percentage of optimum from sampling each of the observed
numbers of cones (see Lima, 1985). The observed percentage
of optimum for each crossbill was then calculated as the av-
erage percentage of optimum for the last 20 trials.

Following the experiments examining solitary sampling be-
havior, each crossbill was paired with another crossbill to test
for the use of public information. This experiment duplicated
the conditions in the first experiment, except that one cross-
bill was released into each side of the aviary simultaneously,
and both halves of one tree had three seeds distributed in
each of four randomly selected cones. If crossbills did not land
on the same tree within 2 s of one another, then the trial was
stopped. This accounted for few (,3) of the 332 trials. Data
were collected from only the crossbill on the right side of the
aviary. We tested each crossbill with at least two different part-
ners. The mean intertrial interval for each crossbill was be-
tween 145 s and 175 s, which was approximately the same as
for the solitary trials. Usually 10 consecutive trials were run
per crossbill each day. Between 55 and 78 trials were con-
ducted per crossbill. If crossbills used public information,
then they should visit fewer cones and depart earlier from the
empty tree when in flocks of two (hereafter pairs) than when

alone (data from solitary trials). We used one-tailed, paired t
tests to test for such differences.

We found no evidence of vicarious sampling in pairs; there-
fore, we modified the experimental design to create condi-
tions that would be more favorable for vicarious sampling. We
did this by using two partner crossbills instead of one and by
doubling the number of cones with seeds on the left side from
four to eight. Because of the different food distribution used
during trio trials, the question of how public information af-
fects the long-term rate of energy intake cannot be answered
quantitatively. The change in the food distribution does not,
however, confound whether or not crossbills were using public
information to make patch departure decisions.

Data collection and analyses for flocks of three (hereafter
trios) were identical to those using pairs. The only change was
that one crossbill, 47, was not used in this experiment because
it would not land on the tree simultaneously with the partner
crossbills. We also recorded the number of seconds the two
partner crossbills spent on the first tree. All three crossbills
landed on the near tree within 2 s of each other in all trials.
The mean intertrial interval for each crossbill ranged between
151 s and 162 s. Usually 15 consecutive trials were run per
crossbill each day. We conducted between 90 and 169 trials
per crossbill.

The screen partition allowed us to vary the quality of the
two sides of a tree independently so that we could assess the
importance of similarity in feeding performance. During this
experiment, which was conducted 2 months after the trio tri-
als, 11 consecutive trials were run per crossbill (as a focal
crossbill) each day. Both sides of a given tree (see Figure 1)
were either empty or full (similar feeding performances) in
nine trials. In two trials, usually the fifth and tenth trial, one
side of each tree was empty and the other side was full (dif-
ferent feeding performances). The two halves of each tree
were different during only 2 of 11 trials because we were con-
cerned that the crossbills might ignore or discount the sam-
pling behavior of flock mates if such trials were more fre-
quent. We repeated this experiment for a total of 100 to 108
trials per crossbill. During the 2 days before this experiment
we conducted more than 20 trials with each crossbill as the
focal bird (only ‘‘similar feeding performance trials’’) to re-
familiarize the crossbills with the food dispersion.We compare
data from this experiment to the last 20 solitary trials (when
the empty tree was visited first). We used one-tailed, paired t
tests for these statistical comparisons because we predicted a
lower foraging efficiency when the two sides of a tree differed.

We repeated the experiments 10 months after the trio trials
to assess further whether the changes between solitary and
trio trials could have resulted from additional experience. The
experiments were identical except that this time trio trials
were conducted first and were immediately followed by soli-
tary trials. Because all the paired t tests were conducted on
the means of only four or five birds, we also present the power
of the test (Sokal and Rohlf, 1981) when it was nonsignificant
(p . .05).

RESULTS

Solitary foraging

Cone-sampling behavior
The number of cones sampled on the empty tree varied
among crossbills through time but stabilized at between 16
and 21 cones for 4 of the 5 crossbills (Figure 2). The mean
time spent on the empty patch declined through time for all
five of the crossbills (Figure 3; r , 2.46, p , .0001 for three
crossbills, r , 2.21, p , .14 for two crossbills). This decrease
resulted largely from the decline in mean time spent per cone
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Figure 2
Number of cones sampled on
the empty tree in relation to
trial number for two of the
crossbills. These two crossbills
were chosen to show the vari-
ation between crossbills. The
curves are cubic splines (l 5
1000). The solid circles repre-
sent the last 20 trials.

Figure 3
The number of seconds spent
on the empty tree in relation
to trial number for two of the
crossbills. The curves are cubic
splines (l 5 1000). The solid
circles represent the last 20 tri-
als.

(Figure 4; r , 2.71, p , .0001 for all crossbills), indicating
that the crossbills became more proficient at sampling cones.

As crossbills converged upon their predicted optima, their
propensity to miss the full tree decreased, or the number of
cones sampled on the empty tree declined, but without a re-
duction in the probability of getting seeds on the full tree.
For example, two crossbills (Red and 52) significantly in-
creased the number of empty cones sampled before leaving a
tree [Figure 2; r 5 .41, F 5 44.56, df 5 64, p , .0001 (with
two outliers removed); r 5 .14, F 5 6.12, df 5 39, p 5 .018;
respectively] and thereby reduced their probability of not get-
ting seeds on the full tree when it was the first tree visited
(logistic regressions: x2 5 21.22, df 5 1, p 5 .0001; x2 5 12.0,
df 5 1, p 5 .0005, respectively). One crossbill (Blue) signifi-
cantly decreased the number of cones sampled (Figure 2; r 5
.47, F 5 21.20, df 5 95, p , .0001) without experiencing a
reduction in the probability of finding seeds on the full tree
(logistic regression: x2 5 0.02, df 5 1, p 5 .89).

Optimal patch sampling

Crossbills foraged systematically, which is assumed by Lima’s
(1985) patch estimation model. Crossbills resampled signifi-
cantly fewer cones than expected for random search (t 5
25.78, df 5 4, p 5 .004), and did not differ significantly from
zero revisits expected for perfectly systematic search (t 5 1.88,
df 5 4, p 5 .13, power 5 0.49).

During the last 20 trials, crossbills were not optimal in the
sense that each crossbill left the empty tree after visiting a
distribution of cones (Table 1) rather than a single optimal

number as predicted. In addition, three of the five crossbills
(47, Red, Yellow) differed significantly from their predicted
optima (Table 1). Nevertheless, crossbills were in approximate
agreement with their predicted optima (Table 1), with the
sampling behavior of four of the five crossbills representing
90% or more of their optima. Overall, crossbills did not con-
sistently over- or undersample cones (Table 1; t 5 21.22, df
5 4, p 5 .29, power 5 0.36).

The number of cones sampled by solitary crossbills on the
empty tree during the 1996 trials was not significantly differ-
ent from that of the 1997 trials (t 5 0.84, df 5 3, p 5 .46,
power 5 0.29). Within-bird comparisons revealed that the
number of cones sampled on the empty tree differed signifi-
cantly between 1996 and 1997 for only one (Yellow) of the
four crossbills (Table 1). Yellow’s cone-sampling behavior in
1997 was much closer to its predicted optimum than in 1996.
These data indicate that further changes in behavior when in
flocks are unlikely to result from additional learning.

Pairs

We found no evidence for the use of public information when
crossbills were paired with one other crossbill. Neither the
number of cones sampled (Figure 5a) nor the number of sec-
onds spent on the empty tree (Figure 5b) differed signifi-
cantly between crossbills foraging alone or in pairs (t 5 20.72,
df 5 4, p 5 .26, power . 0.99; t 5 0.58, df 5 4, p 5 .30,
power 5 0.27; respectively). Time spent sampling each cone
decreased for three of the five crossbills when foraging in
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Figure 4
The number seconds spent
sampling a cone on the empty
tree in relation to trial number
for two of the crossbills (all five
crossbills showed the same pat-
tern). The curves are cubic
splines (l 5 1000). The solid
circles represent the last 20 tri-
als.

Table 1
Predicted, optimal, and observed number of cones samples by five red crossbills on the empty tree

Bird

Optimal
no. of
cones
sampleda

No. of cones sampled, 1996

Mean (SD)
% of
optimum pb

Mean no.
of cones
sampled,
1997 pc

47 20 15.6 (5.5) 92.3 .002 — —
52 16 19.0 (8.5) 89.9 .136 22.8 .290
Red 17 21.4 (7.0) 94.4 .012 21.9 .564
Blue 20 20.5 (3.4) 98.9 .562 17.2 .157
Yellow 20 32.6 (9.0) 65.8 ,.001 17.7 ,.001

a Estimates based on Lima’s (1985) model.
b t tests comparing the observed number of cones sampled to the predicted optima.
c t tests (df 5 33–37) comparing the number of cones sampled by solitary crossbills during 1996 to that

during 1997.

pairs as compared to when foraging alone, but this change
was not significant (t 5 1.20, df 5 4, p 5 .30, power 5 0.37).

Trios

Two lines of evidence show that crossbills in trios used public
information to assess patch quality. First, the crossbills sam-
pled significantly fewer cones and spent significantly less time
on the empty tree when foraging in trios than when foraging
alone (Figure 5; t 5 3.80, df 5 3, p 5 .02; t 5 4.66, df 5 3,
p 5 .01; respectively). These differences were also highly sig-
nificant within each crossbill (all p , .004). Furthermore,
these comparisons were significant (p , .05) when data from
solitary trials following trio trials (1997 data) were used. Some
of the decline in time spent sampling is in part related to the
decrease in time spent sampling each cone when foraging in
trios as compared to when foraging alone. However, this
change was not significant (t 5 1.25, df 5 3, p 5 .30, power
5 0.36). Because the time per cone was virtually identical for
crossbills in pairs and trios (t 5 20.04, df 5 3, p 5 .97, power
5 0.17), the decline between solitary crossbills (two crossbills
present but only one foraging) and those in trios cannot be
attributed to a change in vigilance as flock size increased. Sec-
ond, the variance in both the number of cones sampled and
time spent on the empty tree decreased significantly for two
and three of the crossbills (Levene’s tests: p , .02), respec-
tively, when foraging in trios as compared to when foraging
alone.

Several crossbills also benefited on the good tree by forag-
ing in a flock. For example, three of the four crossbills ate

more seeds on the full tree when foraging in trios as com-
pared to when foraging alone, although this trend was not
significant (t 5 20.71, df 5 3, p 5 .27, power 5 0.26). At the
very least, by sampling fewer empty cones before leaving a tree
when in trios than when alone, crossbills were not more likely
to miss seeds in a full tree (Fisher’s Exact tests: all p . .5).

Half of tree had seeds but the other half did not

When the near tree was empty for the focal crossbill but had
seeds on the other side, the focal crossbill sampled between
1.6 and 4.1 times as many cones before departing than when
both halves of the tree were empty (Figure 6a; t 5 3.82, df 5
3, p 5 .016). This suggests that the focal crossbill observed its
flock mates eating seeds and behaved more like its side of the
tree contained seeds.

When the near tree contained seeds on the focal crossbill’s
side but not on the other side, the focal crossbill sampled
significantly fewer cones (Figure 6b; t 5 5.93, df 5 3, p 5
.005), and as a result they found significantly fewer seeds than
when both sides of the tree contained seeds (Figure 6c; t 5
7.81, df 5 3, p 5 .002). The focal crossbill would often leave
the full tree before getting any seeds because its flock mates
did not find seeds. Sometimes the focal crossbill would even
leave the full tree after it found seeds in one or two cones. In
contrast, when both sides of the near tree contained seeds,
the focal crossbill would consistently remain and sample most
of the cones (Figure 6b) and eat most or all of the seeds
(Figure 6c).
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Figure 5
(a) Mean (6SE) number of cones sampled and (b) seconds spent
on the empty tree during the last 20 trials. ‘‘Solitary’’ refers to
when the focal crossbill foraged alone. ‘‘Pairs’’ and ‘‘trios’’ refer to
when the focal crossbill foraged with one and two partners,
respectively. Each symbol represents a different crossbill. SE bars are
not visible in several cases because they are covered by the symbol.

DISCUSSION

The results of this study agree with theoretical (Clark and
Mangel, 1984, 1986; Valone, 1989, 1993) and recent experi-
mental results (Templeton and Giraldeau, 1995, 1996) that
group foragers may use the foraging behavior of fellow group
members to help assess patch quality and guide patch depar-
ture decisions. By using public information, crossbills accu-
rately assessed an empty patch in about half the time and
visited about half as many cones as when alone. This shows
that by paying attention to the unsuccessful sampling behavior
of flock mates, crossbills can assess poor patches more quickly

and therefore spend less time in unprofitable areas. The ben-
efits of using public information, in addition to local enhance-
ment (Benkman, 1988) and collective vigilance (Benkman,
1997), should favor flocking in crossbills.

The results of these experiments further suggest that public
information may be more valuable in assessing poor than
good patches. However, because patches were of contrasting
quality (seeds or no seeds), the importance of public infor-
mation use during assessment of good patches may have been
underestimated. Public information may be more valuable on
good patches when the differences between patches are less
extreme. For example, if good patches vary in quality, cross-
bills using public information may depart more rapidly from
‘‘poor’’ good patches. Crossbills clearly used public informa-
tion in the form of foraging success and also the lack of for-
aging success, as was demonstrated when one half of a tree
contained seeds but the other half did not.

Alternative explanations

Three alternatives to public information use could account
for the above results. First, the apparent vicarious sampling
may have been an artifact of the experimental design. During
solitary trials a full tree had three seeds in each of four cones
(10% of cones) on the right side of the aviary. During trio
trials the full tree also had three seeds in each of four cones
on the right side of the aviary, while on the left side of the
aviary (where two partner crossbills were released) the full
tree had three seeds in each of eight cones (20% of cones).
Because all crossbills acted as partner crossbills about two-
thirds of the time, crossbills may have started basing their
patch departure decisions on this new eight-cone food distri-
bution. However, the results from the 1997 experiments argue
against this alternative. When experiments were repeated in
1997, trio trials were conducted first, immediately followed by
solitary trials. If the crossbills were leaving the empty tree ear-
lier when in trios because of this new eight-cone distribution,
then we would have expected the number of cones sampled
on the empty tree to increase over time during solitary trials
when the crossbills foraged exclusively on the four-cone dis-
tribution. During the first 15 solitary trials the crossbills
showed no evidence of progressive learning and were sam-
pling approximately the same mean number of cones during
the 1997 solitary trials as during their 1996 solitary trials (Ta-
ble 1). This suggests that the results were not artifacts of the
experimental design.

A second alternative is that the focal crossbill considered its
partners to be competitors and foraged faster to avoid com-
petition (Clark and Mangel, 1986; Shaw et al., 1995). We at-
tempted to eliminate this possibility by separating the focal
crossbill from the partner crossbills by a screen partition.
Three lines of evidence indicate that the decline in both the
time spent and the number of cones sampled between cross-
bills foraging alone and in trios was not the result of compe-
tition. (1) This alternative hypothesis predicts that crossbills
should spend less time sampling cones, not sample fewer
cones. Yet crossbills sampled only about half as many cones
when in trios as compared to when solitary. (2) Cone-sam-
pling rates should have increased as flock size increased from
two to three, yet there was virtually no difference (D 5 0.005
s/cone) between the overall means when foraging in pairs
and trios. (3) In the experiment when the focal crossbill’s side
was empty but the other side had seeds, the focal crossbill
sampled significantly more cones than when both halves were
empty. The focal crossbill even tended to sample more cones
than when alone (Figure 6a). If the results were due simply
to competition, then the focal crossbill should have sampled
fewer or the same number of cones, not more cones. Con-
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Figure 6
(a) The mean number of cones sampled (6SE) by the focal crossbill when the first tree it landed on was the empty tree. The number of
cones sampled includes resampled cones. ‘‘Solitary’’ refers to when the focal bird foraged alone. ‘‘Similar’’ refers to trials when both sides of
a given tree were either empty or full of seeds. ‘‘Different’’ refers to trials when one side of a tree was empty and the other side was full.
Each symbol represents a different crossbill. Sample sizes were 20 trials per bird for solitary trials, 37–48 trials per bird for ‘‘similar’’ trials,
and 10 trials per bird for ‘‘different’’ trials. SE bars are not visible in several cases because they are covered by the symbol. (b, c) The mean
numbers of cones sampled and seeds eaten (6SE) by the focal crossbill when the first tree it landed on was the full tree. Sample sizes were
38–43 trials per bird for ‘‘similar’’ trials and 10 trials per bird for ‘‘different’’ trials.

versely, when the focal crossbill’s side had seeds but the other
side was empty, the focal crossbill sampled significantly fewer
cones than when both sides had seeds (Figure 6b). If differ-
ences were the result of competition, then the focal bird
should have stayed longer, not shorter, on the good half be-
cause the partner birds left early. These results indicate that
the alternative hypothesis of competition does not apply, quite
possibly because the screen provided an effective barrier.

Third, the focal crossbill may have departed earlier simply
because it followed the first partner crossbill to leave the
empty tree (e.g., Valone, 1993). This hypothesis, like the
public information use hypothesis, predicts a decrease in the
average time (and variance) to depart from the empty tree.
However, unlike the public information use hypothesis, it
predicts that the distributions of times spent on the empty
tree for trios should fall within those of solitary birds. This
was not found. Considering all the data from the four cross-
bills, solitary crossbills never spent less than 17 s on the emp-
ty tree (n 5 80 trials), whereas in trios the focal crossbills
spent less than 17 s on the empty tree during nearly half of
the trials (36 of 80 trials). This could in part result because
the two partner crossbills should be able to more rapidly
sample and assess their half of tree and hence leave earlier.
However, this is not an adequate explanation because the
focal crossbill sometimes left the empty tree first (focal cross-
bills left first on 17 of the 80 trio trials), including 7 times
before 17 s was spent on the tree. In addition, if the focal
crossbill was simply following the first partner crossbill, the
interval between the leaving times should be small. Although
in many cases the interval was 1–2 s, the focal crossbill left
5 s or more later on 24 of the 63 trials when the focal cross-
bill followed. In sum, focal crossbills did not just simply fol-
low the first partner crossbill to leave. However, patch de-
parture by other crossbills is probably an important addi-
tional cue for foraging crossbills because it signals the bird’s
assessment of the patch as empty or unprofitable.

Scrounging and producing in crossbills

Equally critical to demonstrating the occurrence of a behavior
is determining whether the behavior is important to the ani-
mal in the wild. A first step is to determine whether conditions
in the wild likely favor the use of public information. Giral-
deau (1997) has suggested that foraging groups often provide
minimal public information because some individuals may not
provide sampling information (‘‘scroungers’’) (Barnard and
Sibly, 1981). The presence of specialized scroungers is ex-
pected to be related to the extent to which resources are di-
visible (Giraldeau et al., 1990). When food is indivisible, whole
parcels of food can be obtained at a reduced cost by scroung-
ing (Thompson, 1986). However, when food patches are di-
visible, ‘‘producing’’ provides a consistently larger share of
each patch (Giraldeau et al., 1990; Vickery et al., 1991). The
producer’s advantage may prevent individuals from specializ-
ing as scroungers (Giraldeau et al., 1990).

Cones within a tree are divisible for crossbills, but seeds
within a cone are indivisible. Thus, whether a scrounging
strategy will be favored in crossbills depends on what scale of
patchiness is most important in crossbills. Three lines of evi-
dence indicate that variation among trees is the most impor-
tant level of patchiness to crossbills. First, variation in cones
among trees is substantially greater than that found within
trees (Benkman, unpublished data). Second, crossbills in the
wild rarely displace individuals to scrounge from cones for-
aged on by other crossbills; scrounging rarely occurs more
frequently than once every 60 min in flocks of two or more
(Benkman, unpublished data; see Benkman, 1997). Finally, a
crossbill must sample a cone to decide whether it is profitable
and by doing so eats some seeds. A scrounger that usurps a
sampled cone gets a partially depleted cone. By forgoing sam-
pling, the scrounger has missed the opportunity to eat seeds
and the opportunity to discover its own equally profitable
cone during the time that it was watching other producers.
Specialized scrounging, therefore, is unlikely to provide net
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benefits to crossbills. Consequently, crossbills are likely to con-
form to the assumption of equal search and equal sharing of
food characterized by the social foraging models, which pre-
dict public information use (Clark and Mangel, 1984, 1986).

Misleading public information, assortative flocking, and
speciation

Finally, the results of our study suggest that the value of using
public information depends critically on the similarity be-
tween the feeding performances of flock mates. When feeding
performances differ between flock mates, public information
can be misleading. For example, some patches might be poor
for some individuals but good for others because of differ-
ences in trophic structures between individuals. Consequently,
an individual for which a patch is poor might remain longer
on this patch if it uses the feeding performance of flock mates
to help assess patch quality. Conversely, an individual for
which the patch is good might leave the patch prematurely if
it uses public information. These are exactly the results we
found in our experiments. This implies that public informa-
tion should be most valuable to foragers in single- or mixed-
species flocks when feeding performances are similar between
individuals. Likewise, it has been hypothesized that individuals
in flocks might compromise their feeding rates to remain with
the group if other benefits acrue (Hutto, 1988; Valone, 1993).
Our study is the first to experimentally demonstrate such an
effect.

Previous studies on factors favoring assortative grouping
have concentrated on the disadvantages to less competitive
phenotypes and to odd individuals that might be preferen-
tially preyed upon by predators (Peuhkuri, 1997, and refer-
ences therein). These provide very different mechanisms fa-
voring assortative grouping from the one proposed here,
which arises from public information use.

In red crossbills, slight differences in bill depth (,0.5 mm)
or palate structure can have substantial effects on feeding per-
formance (Benkman, 1987a, 1993; Benkman and Miller,
1996), which in turn result in pronounced differences in co-
nifer use (Benkman, 1987b, 1993). Differences in feeding per-
formance between morphologically similar red crossbills
should favor assortative flocking in relation to bill size and
palate structure. Given that public information is likely im-
portant to crossbills for patch assessment in the wild, selection
favoring assortative flocking may be great. In addition, flock
members with similar morphologies will have similar patch
preferences and durations of patch use, resulting in flock co-
hesiveness (see Hutto, 1988; Valone, 1993). Increased flock
cohesion should be favored because remaining in a flock has
a variety of benefits to crossbills (Benkman, 1988, 1992, 1997).

Selection favoring assortative flocking could also promote
reproductive isolation and could have been critical in the evo-
lution of different ecological species or host races of red cross-
bills, especially if they evolved in sympatry (Benkman, 1993;
Bush, 1994). Because the different ecological species or host
races of red crossbills are so similar in appearance (Groth,
1993), selection may have even favored vocalizations that rap-
idly identify trophic morphology. This might explain why the
eight different taxa of red crossbills in North America (Groth,
1993) are described as ‘‘call types.’’ Observations in the wild
indicate that crossbills flock assortatively by call type (CWB,
personal observation), but this has yet to be adequately quan-
tified. Whether the use of public information might favor as-
sortative grouping and contribute to speciation in other taxa
is unknown. Such potentially important consequences, how-
ever, warrant increased study of public information in other
animals.

We thank B. Hall, S. Lynch, K. Edwards, and W. J. Boecklen’s field
ecology class for their tireless help with the experiments, and a Re-
search Experience for Undergraduates National Science Foundation
(NSF) grant (DBI-942347 to N. D. Zucker and G. Middendorf) for
supporting Hall and Lynch during the research. We also thank B. Hall
for drawing the tree, the Department of Biology at New Mexico State
University for research support, and D. A. Howard, M. Mangel, B. D.
Roitberg, T. J. Valone, N. D. Zucker, R. Steiner, and two anonymous
reviewers for comments on this research and/or drafts of the manu-
script. C.W.B. was supported by a NSF grant (DEB-9615097) during
the preparation of this manuscript.

REFERENCES

Barnard CJ, Sibly RM, 1981. Producers and scroungers: A general
model and its application to captive flocks of house sparrows. Anim
Behav 29:543–550.

Benkman CW, 1987a. Crossbill foraging behavior, bill structure, and
patterns of food profitability. Wilson Bull 99:351–368.

Benkman CW, 1987b. Food profitability and the foraging ecology of
crossbills. Ecol Monogr 57:251–267.

Benkman CW, 1988. Flock size, food dispersion, and the feeding be-
havior of crossbills. Behav Ecol Sociobiol 23:167–175.

Benkman CW, 1989. Intake rate maximization and the foraging be-
haviour of crossbills. Ornis Scand 20:65–68.

Benkman CW, 1992. White-winged crossbill. In: The birds of North
America, no. 27 (Poole A, Stettenheim P, Gill F, eds). Washington,
DC: American Ornithologists’ Union.

Benkman CW, 1993. Adaptation to single resources and the evolution
of crossbill (Loxia) diversity. Ecol Monogr 63:305–325.

Benkman CW, 1997. Feeding behavior, flock size dynamics and vari-
ation in sexual selection in crossbills. Auk 114:163–178.

Benkman CW, Miller RE, 1996. Morphological evolution in response
to fluctuating selection. Evolution 50:2499–2504.

Bush GL, 1994. Sympatric speciation in animals: new wine in old bot-
tles. Trends Ecol Evol 9:285–288.

Clark CW, Mangel M, 1984. Foraging and flocking strategies: infor-
mation in an uncertain environment. Am Nat 123:627–640.

Clark CW, Mangel M, 1986. The evolutionary advantages of group
foraging. Theor Popul Biol 30:45–75.

Giraldeau L-A, 1997. Ecology and information use. In: Behavioural
ecology: an evolutionary approach, 4th ed (Krebs JR, Davies ND,
eds). Oxford: Blackwell Scientific; 42–68.

Giraldeau L-A, Hogan JA, Clinchy MJ, 1990. The payoffs to producing
and scrounging: what happens when patches are divisible? Ethology
85:132–146.

Green RF, 1980. Baysian birds: a simple example of Oaten’s stochastic
model of optimal foraging. Theor Popul Biol 18:244–256.

Groth JG, 1993. Evolutionary differentiation in morphology, vocali-
zations, and allozymes among nomadic sibling species in the North
American red crossbill (Loxia curvirostra) complex. Univ Calif Publ
Zool 127:1–143.

Hutto RL, 1988. Foraging behavior patterns suggest a possible cost
associated with participation in mixed-species bird flocks. Oikos 51:
79–83.

Iwasa Y, Higashi M, Yamamura N, 1981. Prey distribution as a factor
determining the choice of optimal foraging strategy. Am Nat 117:
710–723.

Krebs JR, Davies NB, 1993. An introduction to behavioural ecology,
3rd ed. Oxford: Blackwell Scientific.

Krebs JR, Kacelnik A, 1991. Decision making. In: Behavioural ecology:
an evolutionary approach, 3rd ed (Krebs JR, Davies NB, eds). Ox-
ford: Blackwell Scientific; 105–136.

Lima SL, 1984. Downy woodpecker foraging behavior: efficient sam-
pling in simple stochastic environments. Ecology 65:166–174.

Lima SL, 1985. Sampling behavior of starlings in simple patchy envi-
ronments. Behav Ecol Sociobiol 16:135–142.

McNamara J, 1982. Optimal patch use in a stochastic environment.
Theor Popul Biol 21:269–285.

Newton I, 1972. Finches. London: Collins.
Peuhkuri N, 1997. Size-assortative shoaling in fish: the effect of oddity

on foraging behaviour. Anim Behav 54:271–278.
Ruxton GD, 1995. Foraging on patches: are groups disadvantaged?

Oikos 72:148–150.
Shaw JJ, Tregenza T, Parker GA, Harvey IA, 1995. Evolutionarily stable



62 Behavioral Ecology Vol. 10 No. 1

foraging speeds in feeding scrambles: a model and an experimental
test. Proc R Soc Lond B 260:273–277.

Sokal RR, Rohlf FJ, 1981. Biometry, 2nd ed. New York: W. H. Free-
man.

Stephens D, Krebs JR, 1986. Foraging theory. Princeton, New Jersey:
Princeton University Press.

Templeton JJ, Giraldeau L-A, 1995. Patch assessment in foraging
flocks of European starlings: evidence for the use of public infor-
mation. Behav Ecol 6:65–72.

Templeton JJ, Giraldeau L-A, 1996. Vicarious sampling: the use of
personal and public information by starlings in a simple patchy
environment. Behav Ecol Sociobiol 38: 105–114.

Thompson DBA, 1986. The economics of kleptoparasitism: optimal
foraging, host and prey selection by gulls. Anim Behav 34:1189–
1205.

Valone TJ, 1989. Group foraging, public information, and patch es-
timation. Oikos 56:357–363.

Valone TJ, 1993. Patch information and estimation: a cost of group
foraging. Oikos 68:258–266.

Valone TJ, Giraldeau L-A, 1993. Patch estimation by group foragers:
what information is used? Anim Behav 45:721–728.

Vickery WL, Giraldeau L-A, Templeton JJ, Kramer DL, Chapman CA,
1991. Producers scroungers and group foraging. Am Nat 137:847–
863.


