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Abstract. Bill size and shape of Western Scrub-Jays (Aphelocoma californica) vary
geographically in relation to habitat. Scrub-jays occupying pinyon—juniper woodlands
(““pine”’ scrub-jays) have relatively long, shallow bills, while scrub-jays occupying oak
woodlands (‘‘0ak’ scrub-jays) have relatively stout, decurved bills. We captured five pine
and five oak scrub-jays, and submitted them to feeding trials on pinyon pine (Pinus mon-
ophylla) cones and acorns (Quercus agrifolia) to determine whether geographic variation
in bill structure was adaptive for foraging on these critical food resources. Three lines of
evidence indicated that scrub-jays occuring in habitat dominated by either pinyon pine or
oak had adaptive bill structure. First, scrub-jays exhibited a steep trade-off in feeding
performance on pine cones and acorns. Pine scrub-jays extracted and consumed pinyon
seeds more than 30% faster than did oak scrub-jays. Oak scrub-jays penetrated and con-
sumed acorns twice as fast as pine scrub-jays did. Second, measures of feeding performance
were moderately to strongly correlated with different measures of bill structure. Third, bill
shape as measured by the ratio of bill length to depth was the metric that (1) best accounted
for variation in feeding rates and (2) was related to the relative amount of pine and oak in
habitats of 12 different populations of scrub-jays. These results, as well as others, were

consistent with observed geographic variation in scrub-jays.
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INTRODUCTION

Studies of geographic variation have been a corner-
stone to the development of evolutionary biology (Dar-
win 1859, Mayr 1963). The assumption that geographic
variation is adaptive underlies these studies. For ex-
ample, geographic variation in bill size and shape is
thought to reflect variation in availability of different
food resources to birds. This is often reasonable be-
cause bill structure determines its mechanical potential
(Bowman 1961), which in turn influences feeding per-
formance on a resource (Grant 1986, Grant and Grant
1989). Nevertheless, this assumption has been thor-
oughly tested and well supported in only a few cases
(e.g., Grant 1986, Benkman 1993). Our goal was to
test whether geographic variation in bill structure in
Western Scrub-Jays (Aphelocoma californica) (here-
after referred to as scrub-jays), can be functionally re-
lated to geographic variation in food resources.

Scrub-jays are nonmigratory, and adults are terri-
torial year round (Ritter 1983, Carmen 1988), making
them likely candidates for adaptation to local condi-
tions (Vander Wall and Balda 1981, Peterson 1990,
1993, Peterson and Vargas 1993). Recognition of sev-
eral subspecies, based on geographic variation in mor-
phometric and plumage traits, provides some evidence
of local adaptation in scrub-jays (Pitelka 1951). These
taxonomic distinctions are supported by protein elec-
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trophoresis studies that suggest limited gene flow be-
tween regional populations of scrub-jays (Peterson
1990). The two scrub-jay populations we sampled are
separated by >100 km of the Mojave Desert, reducing
thelikelihood that gene flow constrainslocal adaptation
(see Fig. 1; Peterson 1990, 1991). Conversely, the ex-
isting levels of gene flow reduce the chance that dif-
ferences between subspecies are simply the result of
drift (Peterson 1991).

In much of their range, scrub-jays occupy three prin-
cipal habitats: pinyon, oak, and mixed pinyon—oak
woodlands (Peterson 1993). Therein, bill size and
shape are correlated with habitat (Peterson 1993).
Scrub-jays in pinyon—juniper woodlands have shallow,
straight, and pointed bills, while in oak woodlandstheir
bills are relatively deep, decurved, and hooked (Fig.
1). Moreover, scrub-jays in different pinyon—juniper
woodlands have independently evolved shallow,
straight, and pointed bills from oak woodland ancestors
two to four times (Peterson 1993). Differences in hill
structure could be attributed to environmental effects.
Environmental inducement of morphological changeis
prevalent in some taxa (e.g., fishes [Meyer 1987]), but
has been documented only once in birds (James 1983).
In most birds, bill size and shape are highly heritable
(Boag and van Noordwijk 1987, Grant and Grant 1989).
Although heritability of bill structure in scrub-jays has
not been measured, two lines of evidence support a
strong genetic basis for bill structure. One, the bill
structure of four captive scrub-jays raised as nestlings
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Fic. 1. Distribution of Western Scrub-Jays (in black;
adapted from Peterson [1993]), the locations where scrub-
jays were captured (at end of arrows), and representative
scrub-jays and food resources used in the experiments. The
scrub-jays depicted are representative of the typical bill struc-
ture found within each population and were traced from pho-
tographs. The open pinyon pine (Pinus monophylla) cone and
seed (upper right) and coastal live oak (Quercus agrifolia)
acorns (lower left) are drawn to relative scale (reproduced
from Sudworth [1967]).

did not change in response to different diets over the
duration of one year (Peterson 1993). Two, scrub-jays
from oak woodland habitat that have recently invaded
pinyon—juniper woodlands still retain a hook (Peterson
1993).

Pinyon seeds or acorns comprise 50-75% of the
scrub-jay’sdiet during the fall and winter months, when
most other resources are unavailable (Beal 1910, Bent
1946, Carmen 1988, Balda and Kamil 1989). Because
of this seasonal reliance on seeds that mast some years,
but are scarcein others, intense sel ection pressure could
come to bear on bill traits affecting feeding perfor-
mance on these seeds. Carmen (1988), for example,
documented significantly higher mortality, reproduc-
tive failure, and territorial abandonment in scrub-jays
during poor acorn years.

The different structure and size of pinyon seeds and
acorns should favor different foraging behaviors and
bill structures (Peterson 1993). Pinyon seeds have thin
seed coats and are relatively small compared to acorns
(Fig. 1), making them easier to husk and consume.
However, pinyon seeds areretained in a protective cone
that requires scrub-jays to reach between the open
scales to extract seeds (Vander Wall and Balda 1981,
Peterson 1993). Thus, aforceps-like bill, long, shallow,
straight, and pointed, for probing, could be functionally
advantageous to scrub-jays extracting pinyon seeds
from cones (Peterson 1993), yet still suffice for re-
moving the thin seed coat. A deep, decurved, or hooked
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bill, on the other hand, could interfere with seed ex-
traction from a narrow scale opening (Peterson 1993).
Acorns, in contrast, have thicker shells and larger ker-
nels, making them relatively difficult to husk and con-
sume without tearing and biting. There, a hooked bill
could provide greater leverage for twisting and tearing
off the shell (Peterson 1993), and a deep bill could
withstand greater forces while pounding. Scrub-jays
pound acorns with their lower mandible (Zusi 1987),
but we assume bill depth is correlated with the pound-
ing forces that the lower mandible can absorb. Further,
a deep, relatively short, and decurved bill could exert
greater biting forces at the tip (Grant and Grant 1989)
for breaking off pieces of kernel, and the hook could
exert greater leverage in removing these pieces. These
functionally ideal forms are consistent with observed
bill forms in scrub-jays occupying pinyon—juniper and
oak woodland habitats.

Peterson (1993) made most of the above functional
arguments to provide an adaptive explanation for the
geographic patterns of hill structure variation in scrub-
jays. However, Peterson did not test these functional
arguments. Our research goal was to experimentally
test the effect of morphology on feeding performance,
and the functional basis of the adaptive hypothesis.
Ideally, one would measure the relationship between
morphology and fitness. However, measures of fithess
are difficult to obtain. Arnold (1983) proposes sepa-
rating the measurement of selection into (1) the effect
of morphology on feeding performance and (2) the ef-
fect of feeding efficiency on fitness. The effect of mor-
phology on performance can be measured in the lab-
oratory, and in contrast to measurements of lifetime
reproductive success or survivorship, is a relatively
easy undertaking. Adopting Arnold’s approach, mea-
suring the effect of morphology on feeding efficiency
would appear to be a critical and first logical step in
substantiating or refuting an adaptive hypothesis of bill
structure in scrub-jays (see Benkman and Miller 1996).

If geographical variation in bill form is adaptive, we
predict two results. One, a trade-off in feeding perfor-
mance will occur between the two popul ations of scrub-
jayson the different resources. That is, scrub-jaysfrom
oak woodlands would have higher feeding rates on
acorns than would scrub-jays from pinyon—juniper
woodlands, and vice versa on seeds in pinyon pine
cones. Otherwise, we would observe one generalist bill
form across the populations rather than the observed
geographic variation (Levins 1968). Two, specific bill
traits, which should theoretically function better on a
particular resource as described in the preceeding par-
agraph, will be positively correlated with feeding ef-
ficiency on that resource.

METHODS
Scrub-jay capture and care

We captured eight adult (after-hatch-year) scrub-jays
of the subspecies A. c. nevadae (hereafter referred to
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as pine scrub-jays) in pinyon—uniper (Pinus mono-
phylla—Juniperus osteosperma) woodlands in Mack
Canyon, Spring Mountains, Clark County, Nevada, on
13 August 1998. Seven adult and one juvenile scrub-
jay of the subspecies A. c. obscura (hereafter referred
to as oak scrub-jays) were captured in southern oak
(Quercus agrifolia, Q. wislizenii, Q. chrysolepis, and
Q. engelmannii) woodlands located in the Santa Anita
Drainage Basin, Arcadia, Los Angeles County, Cali-
fornia, on 18-20 November 1998. Age was determined
by plumage (Pyle 1997). Gender was not determined.

Scrub-jays were housed at the Animal Care Facility
at New Mexico State University in cages that were 75
cm in length X 50 cm in width X 35 cm in height. We
fed scrub-jays a mixture of sunflower seeds, parrot pel-
lets, turkey starter, Purina bird chow, mealworms, and
bird vitamins. In addition to the above, scrub-jays re-
ceived five pinyon seeds inserted within open cones
and two acorns per day while undergoing feeding ex-
periments on pinyon seeds and acorns, respectively.
Because scrub-jays would be released at the conclusion
of the experiments, two scrub-jays at a time were al-
lowed extended flight on a daily basisin a3 X 3 m
room, in order to reduce loss of breast muscle mass.

We excluded six scrub-jays from the analyses, three
pine scrub-jays that broke off the tips of their lower
mandibles while attempting to penetrate acorns, one
oak scrub-jay that died early on during captivity, and
two other oak scrub-jays (a juvenile and an adult with
a crossed mandible) that could only forage marginally
on either resource, or not at all. Thus, in most of the
analyses, sample size was limited to 10 adult scrub-
jays, five from each population.

Bill metrics

Five measurements characterized bill size and shape:
length, depth, width, curvature of culmen (decurva-
ture), and hook length. We measured bill length from
the tip of the upper mandible to the anterior end of the
nares. Bill depth and width were measured at the an-
terior end of the nares. Because bill length changed
during captivity, we took measurements successively
throughout captivity, (1) within 5 d of capture, (2) with-
in 5 d of initiation of feeding trials, and (3) within 5
d of termination of feeding trials. We estimated bill
length during a given feeding trial by averaging bill
length at initiation and termination of the feeding trial.
Bill depth and width were measured only once during
captivity, as they were not expected to change. Bill
length, depth, and width were measured to the nearest
0.01 mm using digital calipers. Repeatability of mea-
surements (Lessells and Boag 1987) was as follows:
0.98 for bill length (Fu, 10, = 218.01, P < 0.001), 0.94
for bill depth (Fgss = 74.2, P < 0.001), and 0.85 for
bill width (Fg, = 30.47, P < 0.001). One of us (E.
Bardwell) made all bill measurements.

We used image processing software, NIH Image,
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FiG. 2.

(a) Curvature of culmen was measured astheratio
of area of the upper mandible occurring above the line drawn
from the tip of the hook (A) to the distal tip of nasal feathers
(B) (this area appears as the shaded section), over total area
of the upper mandible as delineated by points A, B, and C.
(b) Hook Iength was measured as vertical distance from the
tip of the hook (A) to the intersection of the line (D) tangent
to the tomia at the base of the bill.

Version 1.6,4 to measure curvature of culmen and hook
length from photographs. Curvature of culmen was de-
fined as the area of the upper mandible occurring above
a straight line drawn from the tip of the hook to the
distal tip of the nasal feathers, divided by the total area
of the upper mandible (Fig. 2a). Hook length was de-
fined as the vertical distance from the tip of the hook
to aline horizontal with the tomium of the upper man-
dible (Fig. 2b). Photographs of scrub-jays were taken
indoors using a FTb Canon camerawith a 300-mm lens
and three extension tubes totaling 68 mm for macro
capability. We photographed scrub-jays at a standard
distance of 108 cm from the lens, perpendicular to the
camera. Photographs were digitized in Tagged Image
File Format (TIFF) format using aMicrotek ScanM aker
Il (Microtek, Redondo Beach, California) at 300-dpi
optical resolution.

Photographs of scrub-jays were taken once within 5
d of initiation of feeding trials and once within 5 d of
termination of feeding trials. We estimated curvature
of culmen and hook length during feeding trials by

4 URL: (http://rsh.info.nih.gov/nih-image/Default.html)
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TaBLE 1. Bill measurements at capture for eight pine scrub-jays and five oak scrub-jays.
Pine scrub-jays Oak scrub-jays
Bill variable X 1se P X 1se
Length/depth 2.50 (2.49) 0.05 <0.05 2.29 (2.16) 0.09
Length (mm) 20.46 (20.89) 0.19 0.34 20.15 (18.61) 0.71
Depth (mm) 8.11 (8.40) 0.11 0.001 8.82 (8.62) 0.16
Width (mm) 7.54 (8.00) 0.16 <0.05 8.23 (8.26) 0.26

Notes: In parentheses are the means from Pitelka (1951) for the subspecies in the area from
which the experimental scrub jays were captured (weighted by sex, n = atotal of 103 scrub
jays). Comparisons were made using one-tailed t tests.

averaging curvature of culmen and hook length, re-
spectively, at the initiation and termination of trials.
Repeatability of measurements was as follows: 0.97
for curvature of culmen (Fg4 = 67.91, P < 0.001)
and 0.96 for hook length (Fs54 = 51.42, P < 0.001).

Bill length changed during captivity. As a result,
hook length, and to alesser extent, curvature of culmen,
also varied during captivity. We measured hook length
and curvature of culmen only after changes had oc-
curred in bill length. Hence, comparisons of bill metrics
independent of changes during captivity could be made
on only bill length, depth, and width, and possibly cur-
vature of culmen.

Resources for feeding trials

Feeding trials were conducted on seeds of Pinus
monophylla and Quercus agrifolia. Pine cones were
collected from three trees in the Pine Nut Mountains,
Nevada, on 7 September 1997. Cones were sorted into
four size classes, with individual scrub-jays receiving
=50% of trial cones from the two middle-size classes,
in an attempt to standardize cone size. Green cones
were dried at room temperature to initiate opening, and
then stored in afreezer. Three days prior to each feeding
trial, we removed experimental cones from the freezer.
Seeds were removed, and the cones placed in adrying
oven at 54°C for 40 h to harden pitch. After drying,
cones were immersed in water for 10 min, and refrig-
erated in sealed plastic bags with approximately two
tablespoons (~30 mL) of water for approximately eight
hours, to facilitate closure of scales. During refriger-
ation, we placed a pinyon seed in each of two scales,
on opposite sides in the upper half of the cone. One of
two size classes of carpet tacks was then inserted at
the distal end of the two scales in order to secure the
desired gap opening. We inserted carpet tacks 6.0—7.0
mm in length to obtain 4.0-7.0 mm gaps (hereafter
referred to as ‘*small gaps’) between the scales over-
lapping the seeds. We chose a gap size of 4.0—7.0 mm
because it is shallower than the average bill depth of
pine scrub-jays (see Table 1), making it relatively dif-
ficult to extract the seeds. Scrub-jays would not con-
sistently forage on cones with only two small gaps,
presumably because the cone was not *‘ open enough.”
Therefore, a third scale (without a seed) was opened
in cones with small gaps, by inserting a 6.0-7.0 mm

tack in the bottom half of each cone. To obtain a class
of larger scale openings, we inserted carpet tacks 13.0—
13.5 mm in length to obtain 8.0—13.0 mm gaps (here-
after referred to as *‘large gaps’”’).

After refrigeration, we placed cones at room tem-
perature, overnight, in a sealed plastic container until
the next morning’s feeding trials. At the time of trials,
cones were screwed onto a 1.3-cm dowel, with scale
openings aligned with the dowel when possible, and
the dowel wedged inside the cage.

Acorns used in the experiments were collected from
two trees in Santa Barbara County, California, on 24
September 1997. Acorns from the first tree (hereafter
referred to as ‘‘large acorns’”) were on average wider
(mean = 14.6 mm, 1 sb = 1.0, n = 50) than acorns
from the second tree (hereafter referred to as **small
acorns’) (mean = 124 mm, 1 sp = 0.8 mm, n = 50).
Only those acorns within one standard deviation of the
mean diameter were used during feeding trials in an
attempt to standardize acorn size. We froze acorns until
the afternoon prior to feeding trials, at which time they
were placed at room temperature overnight. Acorns
were weighed to the nearest 0.1 mg on a digital scale
immediately prior to trials. During feeding trials, we
placed acorns on a wooden block (10 X 15 X 5 cm)
within the cage, and we secured a 0.62-cm dowel on
top of the block to provide a substrate on which scrub-
jays could easily and repeatedly forage. After termi-
nation of atrial, the remaining acorn shell and kernel
were removed from the cage, sealed in a plastic bag,
and weighed to the nearest 0.1 mg with a digital scale,
to determine the amount of kernel eaten.

Feeding trials

We allowed scrub-jays to forage on pine cones and
acorns for at least one week before data collection.
Timed feeding trials with pine scrub-jays and oak
scrub-jays began 46 and 11 d after capture, respec-
tively. We deprived scrub-jays of food for a minimum
of 16 h prior to feeding trials, which were conducted
between 0800 and 1030. Each scrub-jay underwent a
maximum of two feeding trials per day, composed of
two small-gap cones, two large-gap cones, or two
acorns with one from each size category. During acorn
trials, we altered the order in which the small and large
acorns were provided, on a daily basis.
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We reversed the order of food resources for pine and
oak scrub-jays, with pine scrub-jays undergoing first
pine cone, then acorn trials, while oak scrub-jays un-
derwent first acorn, and then pine cone trials. Within
pine cone feeding trials, the pine scrub-jays underwent
feeding trials on small, then large gaps, while oak
scrub-jays underwent feeding trials on large, and then
small gaps. Feeding trials on pine cones lasted a total
of 14 d for both pine and oak scrub-jays. Feeding trials
on oak lasted atotal of 13 d and 11 d for pine and oak
scrub-jays, respectively. The reversal of feeding trials
and gap size provided a conservative test of local ad-
aptation, assuming feeding performance increased with
time in captivity.

All feeding trials were videotaped and reviewed by
one of us (E. Bardwell) to determine feeding times to
the nearest 0.01 s. For feeding trials on pine cones, we
recorded the time it took to extract and time it took to
husk (i.e., to remove the seed coat and consume the
kernel, which was consumed in its entirety after husk-
ing) each pinyon seed. For acorn feeding trials, we
recorded the time it took to penetrate the shell and the
time spent removing the kernel. Time to penetration
began with the initial pounding of the acorn, and ended
with the extraction and consumption of the first piece
of kernel. Time spent removing kernel was the amount
of time spent pounding, tearing off the shell, extracting,
and eating the kernel within three minutes after pen-
etration. We excluded time spent in other activities
(e.g., scanning, moving around the cage) from the
above recorded measurements. The mean number of
trials per bird per resource type was 10 (range of 5—
16).

We estimated feeding performance on pine cones by
three parameters: time to extract a seed, time to husk
a seed, and feeding rate (seeds/s). Feeding rate is the
inverse of the time taken to extract and husk one pinyon
seed. We combined seed husking times from coneswith
small and large gaps to estimate a mean seed husking
time because we did not find, or expect to find, a sig-
nificant difference in seed husking times between trials
on cones with small and large gaps. We estimated feed-
ing performance on acorns by three parameters, time
to penetration, kernel removal rate after penetration
(mg/s), and feeding rate (mg/s). Feeding rate is the
amount of kernel eaten over the total time spent pen-
etrating the shell and removing the kernel.

Partial correlation analyses

We used Spearman partial correlations to examine
the relationship between an individual bill character
and feeding performance, while controlling for other
bill characters. Several bill characters exhibited colin-
earity with one another: bill width and depth (r, = 0.74,
n = 10, P = 0.01), and bill depth and curvature of
culmen (during acorn trials, r¢ = 0.61, n = 10, P =
0.06; and during pine cone trials, r, = 0.65, n = 10,
P = 0.04). To avoid problems with multicolinearity,
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TaBLE 2. Bill length (mm), curvature of culmen, and hook
length (in pixels) during pine cone and acorn feeding trials.

Pine scrub-jays Oak scrub-jays

Bill variables X 1sE P X 1se

Bill length

Pine cone trials 21.27 0.29 <01 20.27 0.74

Acorn trials 21.10 0.25 >0.1 20.00 0.68
Curvature of culmen

Pine cone trials 0.37 0.01 0.003 043 0.01

Acorn trials 0.35 0.01 0.001 043 0.01
Hook length

Pine cone trials 146 0.16 >0.1 156 0.13

Acorn trials 1.27 0.09 <0.1 156 0.15

Notes: Sample size is 5 for both pine and oak scrub jays.
Comparisons were made using one-tailed t tests.

three partial correlation models composed of the fol-
lowing bill characters were run: (1) bill depth, bill
length, and hook length, (2) curvature of culmen, bill
length, and hook length, and (3) bill Iength/depth and
hook length. Bill width was not included in the anal-
yses, because we did not predict an a priori functional
hypothesis with respect to width and feeding perfor-
mance. For the sake of simplicity, we report only the
estimated partial correlation coefficients for bill length
and hook length from the models using bill depth.
Where the correlation coefficients for bill length and
hook length derived from models using curvature of
culmen and bill Iength/depth result in a more conser-
vative test, we reference these results.

RESULTS
Geographic variation in bill structure

Bill size and shape differed between the two groups
of scrub-jays (Table 1). These differences were similar
to those observed in a much larger sample of the same
two subspecies, as reported by Pitelka (1951). Oak
scrub-jays had significantly deeper and wider bills, and
tended to have shorter bills than pine scrub-jays, al-
though the difference in bill length was not significant
nor as great as found by Pitelka (Table 1). Bill length
changed during captivity, but it never differed signif-
icantly between the two groups (Tables 1 and 2). Oak
scrub-jays also had stouter (lower values of bill length/
depth, Table 1) and more decurved bills than pine
scrub-jays (Table 2). In contrast to Peterson (1993),
who found that scrub-jays from oak woodlands had
longer hooks than did scrub-jays from pinyon—juniper
woodlands, differences in hook length between the two
groups during captivity were only marginally signifi-
cant during feeding trials on acorns (P = 0.066, Table
2). Hook length did not differ significantly between the
two groups during feeding trials on pine cones (Table
2).

Changesin bill length, however, may haveinfluenced
both curvature of culmen and hook length, neither of
which were measured prior to changes in bill length.
Therefore, we are unable to conclude whether oak
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TaBLE 3. Measures of feeding performance by oak and pine scrub-jays on pine cones.

Pine scrub-jays Oak scrub-jays
Measure X 1sE P X 1sE
Small gaps
Extraction time (s) 8.16 1.64 >0.2t 10.79 3.14
Husking time (s) 33.75 3.12 0.13% 46.32 6.74
Feeding rate (seeds/s) 0.024 0.002 0.03t 0.018 0.002
Large gaps
Extraction time (s) 1.59 0.21 >0.21 1.93 0.37
Husking time (s) 33.75 3.12 0.13% 46.32 6.74
Feeding rate (seeds/s) 0.029 0.002 0.05t1 0.022 0.003

Notes: Husking time for each population was averaged across both gap sizes and, as aresult,
is the same for both small and large gaps. Sample size is 5 for both pine and oak scrub jays.

T Comparisons were made using one-tailed t tests.

F Comparisons were made using two-tailed t tests.

scrub-jays had longer hooks than those of pine scrub-
jays at time of capture. Differences in curvature be-
tween the two populations during captivity were highly
significant, and probably were not an artifact of chang-
es in bill length, because curvature of culmen was not
correlated with upper mandible length (during acorn
trials, r, = —0.02, P = 0.96, n = 10; during pine cone
trials, rg = 0.01, P = 0.99, n = 10). Curvature was
more strongly correlated with bill depth (during acorn
trials, rg = 0.61, P = 0.06, n = 10; during pine cone
trials, r¢ = 0.65, P = 0.04, n = 10), which did not
change during captivity.

Feeding performance

As expected, pine scrub-jays tended to spend less
time extracting and husking pine seeds and had sig-
nificantly higher feeding rates on pine cones than did
oak scrub-jays (Table 3). Oak scrub-jays required less
time on average to penetrate acorn shells (significant
only for small acorns), extracted kernel significantly
faster once the shell was penetrated, and had signifi-
cantly higher feeding rates on acorns than did pine
scrub-jays (Table 4).

Foraging behavior and partial correlations between
feeding performance and bill structure

Pine cones.—Scrub-jayswith long, shallow, straight,
and pointed bills should forage more efficiently on pine

cones than scrub-jays with deep, decurved, and hooked
bills. Bill shape, specifically the ratio of bill length to
depth, explained more of the variation in feeding per-
formance than did any of the individual bill characters
alone (Table 5). Consistent with our predictions, scrub-
jays with relatively long, shallow bills extracted seeds
in less time and had significantly higher feeding rates
(Table 5). Bill length was also positively and signifi-
cantly correlated with feeding rates on cones with small
and large gaps (Table 5). Bill depth was not signifi-
cantly correlated with measures of feeding perfor-
mance, although seed extraction time tended to increase
with increasing bill depth, as predicted (Table 5). Hook
length bore no correlation with extraction time and
feeding rates (Table 5).

Table 6 provides a comparison of the predicted and
observed relationships between bill characters and
feeding performance on small-gap pine cones. Corre-
lation coefficients derived only from an analysis of
feeding performance on small gaps were used, because
this is when differences in performance due to bill
structure should be most pronounced. Limiting com-
parisons to cases where a positive or negative corre-
lation was predicted, and assuming somewhat arbi-
trarily that r values >|0.3| represent a positive or neg-
ative trend, the predicted trends were observed in five
of the 10 cases.

TaBLE 4. Comparisons between pine and oak scrub-jays on acorns.

Pine scrub-jays Oak scrub-jays
Measure of
feeding performance X 1se P X 1se
Small acorns
Penetration time (s) 74.27 11.06 <0.05 40.90 2.94
Kernel removal rate (mg/s) 2.8 0.4 <0.05 7.2 13
Feeding rate (mg/s) 1.7 0.3 <0.05 4.8 0.9
Large acorns
Penetration time (s) 80.42 12.32 >0.1 61.80 7.23
Kernel removal rate (mg/s) 3.1 0.6 <0.01 6.7 0.6
Feeding rate (mg/s) 1.6 0.2 <0.01 35 0.5

Notes: Sample size is 5 for both pine and oak scrub jays. Comparisons were made using

one-tailed t tests.
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TABLE 5. Spearman partial correlation coefficients for bill characters and measures of feeding performance on pine.

M re of L ength/depth Length Depth Curvature Hook
feeding performance re P re P re P re P re P
Small gaps

Extraction time -0.52 0.07 -0.35 0.19 0.24 0.28 -0.16 0.65 -0.07 0.57

Husking time —-0.68 0.02 —-0.69 0.06 0.15 0.72 0.25 0.55 0.02 0.96

Feeding rate 0.83 0.003 0.78 0.01 -0.36 0.19 -0.16 0.35 —0.05 0.45
Large gaps

Extraction time -0.44 0.12 -0.04 0.46 0.46 0.12 0.06 0.44 -0.01 0.51

Husking time -0.68 0.02 -0.69 0.06 0.15 0.72 0.25 0.55 0.02 0.96

Feeding rate 0.68 0.02 0.69 0.03 -0.15 0.36 -0.25 0.27 -0.02 0.48

Notes: P values are one-tailed if the predicted relationship was negative or positive, but two-tailed if there was no a priori
predicted relationship. Correlation coefficients for bill length and hook length were derived from partial correlations using
bill depth. Correlation coefficients for length/depth were derived from partial correlations using hook Iength.

Acorns.—Scrub-jays with stout, deep, decurved, and
hooked bills should forage more efficiently on acorns
than scrub-jays with long, slender, straight, or pointed
bills. As predicted, as bills became more stout, pene-
tration time decreased and kernel removal rates and
feeding rates increased (Table 7). Likewise, bill depth
was negatively correlated with penetration time, and
positively correlated with kernel removal rates and
feeding rates (Table 7). These correlations were con-
sistently significant on small acorns. Similarly, cur-
vature of culmen was positively and significantly cor-
related with kernel removal rates on large acorns, and
feeding rates on both small and large acorns (Table 7).
Hook length should be correlated with kernel removal
rates, but not penetration time, because scrub-jays
spend relatively little time tearing off the shell, as com-
pared to pounding prior to penetration. Hook length
exhibited a moderate positive correlation with kernel
removal rates on small acorns (Table 7), but as ex-
pected, was not correlated with penetration time.

Table 6 compares the predicted and observed rela-
tionships between bill characters and feeding perfor-
mance on small acorns. Both bill depth and curvature
of culmen are included in the comparisons, although
they are highly collinear and may lack independence.
Limiting comparisons to cases where a positive or neg-

ative correlation was predicted, and as before, assum-
ing that r values >|0.3| represent a positive or negative
trend, the predicted trends were observed in all 10 cases
(binomial test, P < 0.001). For large acorns, predicted
trends were observed in nine out of 10 cases (binomial
test, P = 0.006). Results differed slightly using the
partial correlation coefficients for bill length and hook
length derived from models using curvature of culmen;
predicted trends were observed in nine of the 10 cases
for small acorns (binomial test, P = 0.006) and eight
of the 10 cases for large acorns (binomial test, P =
0.03).

Discussion
Geographic variation in bill structure

We found patterns of geographical variation in bill
structure similar to those in previous studies (Pitelka
1951, Peterson 1993). Pitelka (1951) examined bill
length, depth, and width in the subspecies A. c. obscura
and A. c. nevadae, which encompass the geographic
ranges of our oak and pine scrub-jays, respectively. We
both found that A. c. obscura had deeper, wider, and
shorter bills than did A. c. nevadae. In addition, bill
shape (bill length/depth) for each subspecies was sim-
ilar to that found by Pitelka. Peterson (1993) examined

TaBLE 6. Comparison of predicted (before slash) and observed (after slash) relationships
between bill characters and measures of feeding performance.

Measure of
feeding performance Length/depth  Length Depth Curvature Hook
Pine cones with small gaps
Extraction time —/— —/= +/0 +/0 +/0
Husking time 0/— o/ 0/0 0/0 0/0
Feeding rate +/+ +/+ —/= —/0 —/0
Small acorns
Penetration time +/+ 0/0 —/— 0/— 0/0
Kernel removal rate —/= 0/0 +/+ +/+ +/+
Feeding rate o 0/0 +/+ +/+ +/+

Notes: Partial correlation coefficients of 10.301 or higher were considered strong enough to
represent a linear relationship with a nonzero slope. The — and + symbols indicate that the
relationship is negative or positive, respectively. A zero indicates no a priori predicted or
observed relationship.
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TABLE 7. Spearman partial correlation coefficients for bill characters and measures of feeding performance on acorns.

L ength/depth Length Depth Curvature Hook
Measure of

feeding performance re P re P re P re P rs P
Small acorns

Penetration time 0.67  0.02 0.07 0.87 -0.66 0.04 -043 0.29 -029 048

Kernel removal rate -0.68 0.02 -0.15 0.73 0.62  0.05 0.60 0.06 0.60 0.06

Feeding rate -0.65 0.03 0.04 0.92 0.70  0.03 0.65 0.04 -0.36 0.19
Large acorns

Penetration time 046 0.11 012 0.78 -0.16 035 -0.01 098 -021 0.62

Kernel removal rate -0.62 0.04 0.12 0.78 0.78 0.01 0.69 0.03 0.39 0.17

Feeding rate -0.67 0.02 -0.08 0.86 0.47 0.12 0.66 0.04 -0.38 0.18

Notes: P values and correlation coefficients were derived as in Table 5.

bill length, depth, and width, curvature of culmen, and
hook length in several populations of scrub-jays oc-
cupying oak and pine woodlands. He found oak scrub-
jays had significantly deeper and wider bills, and great-
er decurvature, and longer hooks than did pine scrub-
jays, in at least one of the sexes. With the exception
of hook length, our findings were similar. Peterson may
not have detected significant differences in bill length
because he sampled more widely, and included popu-
lations (more than one subspecies for each habitat type)
that varied substantially in bill length. We might not
have detected a significant difference in bill length be-
cause of our small sample sizes, and perhaps because
of seasonal differences in bill length arising from dif-
ferential wear. In the aviaries, we found that bill and
hook length varied in response to foraging substrates.
This suggests that bill and hook length may vary with
seasonal differencesin diet (see Peterson 1993, see also
Davis 1954, Gosler 1987), so the extent of differences
between populations may vary seasonally in the wild.
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Fic. 3. Bill length/depth (mean +1 sg) in relation to hab-
itat. ““Mostly oak’” and ‘‘mostly pine’’ were mixed oak and
pinyon pine habitats dominated by oak and pine, respectively.
We used the mean, weighted by sex, for each population or
geographic location in Peterson (1993) to estimate the mean
and standard error for each habitat (data from Table 1 in
Peterson [1993]; only samples including data for both males
and females were used). The number of populationsis given
above each symbol. The standard errors cannot be seen for
two of the habitats because they are smaller than the symbols
for the means.

Because we did not measure hook length at capture,
the similarities in hook length between the two pop-
ulations may reflect relatively greater growth of hook
length during captivity in the pine scrub-jays or, alter-
natively, a seasonal affect. Our pine scrub-jays were
captured in early August, while oak scrub-jays were
captured in late fall when bills are more pointed (Pe-
terson 1993).

In summary, the pine and oak scrub-jays used in this
study were representative in bill size and shape of the
subspecies from which they were captured. The pine
and oak scrub-jays used also represented well the bill
sizes and shapes of other scrub-jay populations in pin-
yon—juniper and oak woodland habitats, respectively.
The metric that best captured the differences between
scrub-jays in habitats dominated by either pinyon pine
or oak was bill length/depth. Scrub-jays in pinyon—
juniper woodland have relatively large values of bill
length/depth or long, shallow bills, compared with
scrub-jays from oak woodlands (Fig. 3). Moreover, bill
length/depth is the one metric for which scrub-jays
from habitats containing a mixture of pinyon pine and
oak are intermediate (Fig. 3).

Trade-off in feeding performance

Pine and oak scrub-jays exhibited atrade-off in feed-
ing performance (Fig. 4). They differed consistently
and significantly in the various measures of feeding
performance on pine cones and acorns as predicted,
with the exception of seed extraction time on pine
cones, and penetration time on large acorns. This sug-
geststhat geographic variation in bill structurein scrub-
jays is adaptive.

Failure to detect a significant differencein extraction
time between the two groups may be an artifact of the
experimental design. For example, we were only able
to control the width of the gap between scales within
certain bounds, and were unable to control for other
features of the gap opening that could potentially in-
fluence extraction time, such as the patterning of scale
overlap. Although this should not affect overall mean
extraction times, it increases the variance (e.g., the co-
efficient of variation for seed extraction time averages
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FiG. 4. Trade-off in feeding rates (mean =1 sg) on pine
cones and acorns. Feeding rates on pine were converted from
seeds/s to mg/s by multiplying the mean feeding rate by the
mean kernel mass of a pinyon (P. monophylla) seed (342.1
mg) (Vander Wall 1988). Pine and oak scrub-jays are rep-
resented by filled and empty circles, respectively.

about twice that for husking time on small gaps, as
calculated from data in Table 3), making it more dif-
ficult to detect a significant difference.

One alternate explanation for the observed trade-off
in feeding performance is that foraging on pine cones
and acorns is a learned behavior, and is not related to
differences in bill structure. Clearly, feeding perfor-
mance does improve with experience to some extent.
For example, the juvenile oak scrub-jay, which was
undergoing its first season with acorns, had difficulty
penetrating acorns in captivity. To minimize the pos-
sible effect of learning, we allowed the pine and oak
scrub-jays aweek or more to forage on acorns and pine
cones, respectively, before we recorded data. If differ-
ences in experience continued to contribute to the dif-
ferences in feeding performance between the two
groups of adult scrub-jays, then over time, we should
have detected increases in feeding performance on the
alternative foods. However, over the course of the feed-
ing trials we found no overall trend in improvement of
feeding performance. Because the skills used in for-
aging on seeds are similar in kind if not magnitude,
whether the seeds are pinyon or acorn, we suspect that
improvements from learning occurred mostly early on,
before we recorded data. For these reasons, we con-
clude that some if not most of the differences measured
in adult feeding performance are attributable to dif-
ferences in bill structure.

Our finding that oak scrub-jays were more efficient
at husking relatively large and hard acorns than were
pine scrub-jays was expected, because previous studies
of seed-eating birds have consistently found that deeper
billed birds husk large seeds more quickly than do shal -
lower billed birds (Schluter 1982, Pulliam 1985, Benk-
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man 1987, 1993, Price 1987, Smith 1987, Benkman
and Pulliam 1988). Furthermore, it is easy to envision
why large-billed birds, which can exert greater forces,
can husk large and hard-shelled seeds faster than can
small-billed birds. However it was more surprising to
find that pine scrub-jays husked pinyon seeds substan-
tially faster than did oak scrub-jays, because small-
billed birds do not always husk small seeds faster than
do large-billed birds. For example, some studies have
found that small-billed birds husk small seeds faster
than large-billed birds (e.g., Benkman 1987, 1993,
Smith 1987, Benkman and Pulliam 1988), whereas oth-
er studies have shown that small- and large-billed birds
husk small seeds at similar rates (e.g., Schluter 1982,
Pulliam 1985). In addition, we are less certain which
bill traits should be correlated with husking time on
the thin-shelled pinyon seeds, especially sincethe larg-
er billed Clark’s Nutcracker, Nucifraga columbiana
(Vander Wall and Balda 1981) husks pinyon seeds even
faster than do the pine scrub-jays (see Vander Wall
1988). Although we are uncertain why pine scrub-jays
husk pinyon seeds faster than do oak scrub-jays, the
data support a strong trade-off in seed husking rates
for pine and oak scrub-jays.

Correlations between bill characters
and feeding performance

Further evidence of an adaptive basis for geographic
variation in bill structure is the presence of consistent
correlations between measures of bill size and shape,
and measures of feeding performance. As predicted,
feeding rates on pine cones were significantly higher
for jays with relatively long and shallow bills (Table
5). Moreover, the positive correlations between bill
length and shape, and feeding rates suggests our data
(Table 3) may underestimate the relative differencesin
feeding rates on pine cones between the two subspecies
of scrub-jays. The two groups of scrub-jays we used
did not differ in bill length. However, with a much
larger sample, Pitelka (1951) found a substantial dif-
ferencein bill length and an even greater differencein
bill shape than we found (Table 1). Consequently, if
the birds we used had differed in bill length and shape
to the extent that Pitelka found, we might have found
an even greater difference in feeding rates on pine
cones between the two scrub-jay populations.

Contrary to our expectation, hook length was not
related to extraction time (Table 5). If hook length is
not maladaptive for foraging on pine cones, then av-
erage hook length should not differ between popula-
tions, as suggested by Peterson (1993). Unfortunately,
our data are inconclusive on this point. A plausible
explanation for the lack of relationship between hook
length and extraction time lies in the experimental set-
up. The location of perches next to the cone allowed
scrub-jays to insert their bills into the scale gaps at
almost any angle. This would have enabled scrub-jays
to orient their bill hook along the widest axis of the
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gap, which was often perpendicular to the measured
scale gap. Yet in the wild, scrub-jays often hover by
cones to extract seeds (Vander Wall and Balda 1981),
or at least have more limited perch sites. As a result,
a long hook would more likely interfere with seed ex-
traction. Thus, our experimental design may underes-
timate the impedance of a long hook during seed ex-
traction.

We predicted that increases in bill stoutness and
depth would decrease penetration time, whereas in-
creases in bill stoutness and depth, curvature of cul-
men, and hook length would increase kernel removal
rates on acorns. Increases in all four bill characters
should also result in higher feeding rates. In general,
these predictions held true, particularly when feeding
on small acorns (Table 7). Failure to detect significant
correlationsin all of these relationships may have been
aresult of our small sample size.

In summary, the geographic variationin bill structure
between scrub-jay populations occupying pinyon pine
and oak woodlands is adaptive. The relatively long,
shallow bill of the pine scrub-jay is adaptive for for-
aging on pine cones, and the deep, relatively stout,
decurved, and hooked bill of the oak scrub-jay is adap-
tive for foraging on acorns. These conclusions are sup-
ported by the steep trade-off in feeding performance
for pine and oak scrub-jays foraging on pine cones and
acorns, and the moderate and often significant corre-
lations between different measures of the bill structure
and feeding performance. Bill shape as measured by
bill length/depth is the metric related to the relative
amount of pine and oak in the habitats of 12 different
populations of scrub-jays (Fig. 3). Bill shape is also
the metric that best accounted for the variation in feed-
ing rates on pine cones and acorns.

Why aren’t there two specialist scrub-jays
in pine—oak woodland?

Scrub-jays have bill shapes that are intermediate be-
tween pine and oak specialists in woodland containing
amix of pinyon pine and oak (Fig. 3, Peterson 1993).
Why a generalist scrub-jay is favored rather than a
polymorphic scrub-jay composed of pine and oak spe-
cialists is unknown. One hypothesis is that neither re-
source alone in a pine—oak woodland is reliable enough
to support specialists. Unfortunately, we do not have
data to either support or reject this hypothesis. Another
non-mutually exclusive hypothesisis that a population
of generalists would outcompete a polymorphic pop-
ulation of two specialists in pine—oak woodland. Fit-
ness set analysis (Levins 1968) can be used to test this
hypothesis. If we assume that feeding rates can be
equated to fitness then we can use Fig. 4 as a guide.
A generalist would be favored in a pine—oak woodland
if its combined feeding rates lie above and to the right
of the dashed line connecting the feeding rates of the
pine and oak scrub-jays (i.e., a convex fitness set). A
generalist is favored because above and to the right of
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the dashed line the mean feeding rate or fitness of a
generalist in the pine—oak woodland would be greater
than the mean of the two specialists. Two specialists
would be favored if a generalist’'s combined feeding
rates lie below and to the left of the dashed line (i.e.,
a concave fitness set).

Ideally, we would have measured the feeding rates
of scrub-jays from a pine—oak woodland to compare to
the pine and oak scrub-jays. In the absence of such
data, we divided the 10 scrub-jays into three groups
based on bill shape, to create two specialist populations
and one intermediate population (not shown). The feed-
ing rates of the intermediate scrub-jays occurred above
and to the right of the dashed line connecting the spe-
cialists. Although tentative because of the small sample
sizes (only one and two individualsin the two specialist
populations), it shows a convex fitness set where a
population of generalist scrub-jays would outcompete
a polymorphic population of two specialists in pine—
oak woodland. This result, as well as the others, is
consistent with the patterns of geographic variation in
scrub-jays.
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