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Abstract.—The geographic mosaic theory of coevolution posits that the form of selection between interacting species
varies across a landscape with coevolution important and active in some locations (i.e., coevolutionary hotspots) but
not in others (i.e., coevolutionary coldspots). We tested the hypothesis that the presence of red squirrels (Tamiasciurus
hudsonicus) affects the occurrence of coevolution between red crosshills (Loxia curvirostra complex) and Rocky
Mountain lodgepole pine (Pinus contorta ssp. latifolia) and thereby provides a mechanism giving rise to a geographic
mosaic of selection. Red squirrels are the predominant predispersal seed predator and selective agent on lodgepole
pine cones. However, in four isolated mountain ranges east and west of the Rocky Mountains, red squirrels are absent
and red crosshills are the main predispersal seed predator. These isolated populations of pine have apparently evolved
without Tamiasciurus for about 10,000 to 12,000 years. Based on published morphological, genetic, and pal eobotanical
studies, we infer that cone traits in these isolated populations that show parallel differences from cones in the Rocky
Mountains have changed in parallel. We used data on crosshill and conifer cone morphology and feeding preferences
and efficiency to detect whether red crossbills and lodgepole pine exhibit reciprocal adaptations, which would imply
coevolution. Cone traits that act to deter Tamiasciurus and result in high ratios of cone mass to seed mass were |less
developed in the isolated populations. Cone traits that act to deter crossbills include larger and thicker scales and
perhaps increased overlap between successive scales and were enhanced in the isolated populations. In the larger,
isolated mountain ranges crosshills have evolved deeper, shorter, and therefore more decurved bills to exploit these
cones. This provides crosshills with higher feeding rates, and the change in bill shape has improved efficiency by
reducing the concomitant increases in body mass and daily energy expenditures that would have resulted if only bill
size had increased. These parallel adaptations and counter adaptations in red crosshills and lodgepole pine are inter-
preted as reciprocal adaptations and imply that these crossbills and pine are in coevolutionary arms races where red
squirrels are absent (i.e., coevolutionary hotspots) but not where red squirrels are present (i.e., coevolutionary cold-
spots).
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The view that coevolution is aprominent evolutionary pro-
cess has been contentious. Nonetheless, evidence from di-
verse areas of evolutionary biology indicate that coevolution
is a fundamental process in evolution and that a better un-
derstanding of the coevolutionary process is critical for pro-
gress in evolutionary biology, conservation, and health-re-
lated issues (Thompson 1994, 1999a,b). One recent advance
in coevolutionary theory has risen from the recognition that
the form of an interaction between species often varies across
a landscape (e.g., Thompson and Pellmyr 1992). This geo-
graphic variation forms the basis of the geographic mosaic
theory of coevolution (Thompson 1994, 1999a).

Three components are central to the geographic mosaic
theory of coevolution. First, the form of selection between
interacting species varies across a landscape (i.e., selection
mosaics). Second, coevolution is an important and active
process in some locations (i.e., coevolutionary hotspots), but
not in others (i.e., coevolutionary coldspots). Third, geneflow
between locations causes trait remixing that can result in
mismatches in the traits of interacting species. Much recent
evidence shows that these three components characterize a
variety of interspecific interactions. For example, a given
interspecific interaction often variesin outcome from one area
to another (e.g., Thompson and Pellmyr 1992; Thompson
1997, 1999a; Berenbaum and Zangerl 1998), coevolution is
prominent in some areas but not others (e.g., Brodie and
Brodie 1999; Lively 1999), and gene flow can affect the
outcomes of interactions (e.g., Burdon and Thrall 1999).

One example that highlights how geographic variation in
the strength of interactions might arise is the interaction be-
tween red squirrels (Tamiasciurus hudsonicus), red crossbills
(Loxia curvirostra complex), and Rocky Mountain lodgepole
pine (Pinus contorta spp. latifolia; Benkman 1999). In brief,
crosshills are relatively uncommon in the presence of Tam-
iasciurus because crosshills are outcompeted for seedsin lod-
gepole pine cones. Red squirrels are the predominant seed
predator and drive cone evolution, and crossbills have adapt-
ed to the average cone (i.e., a coevolutionary coldspot for
crosshills). In isolated mountain ranges east and west of the
Rocky Mountains, red squirrels are absent and crosshills are
abundant and coevolve with lodgepole pine (i.e., a coevo-
lutionary hotspot for crosshills). The differencein cone struc-
ture between coevolutionary hotspots and coldspots causes
divergent selection between crosshill populations. This study
illustrates how the presence and absence of one key species
determines the geographic selection mosaic and location of
coevolutionary hotspots and coldspots for its competitor.

Benkman (1999) showed that the overall change in cone
structure (as measured by the first two principal components
characterizing variation in seven cone and seed traits) in areas
where red squirrels are absent was consistent with evolution
in response to selection by crosshills. In particular, the chang-
esin cone structure were predicted if the benefits of defenses,
in terms of time per seed for foraging crosshills, were max-
imized relative to the costs of the defenses, in terms of mass
of cone divided by total seed mass. In addition, the extent
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of change was greatest in larger mountain ranges, where
crosshills are most abundant and resident and have evolved
larger and more decurved bills, than in smaller mountain
ranges, where crosshills are less common or perhaps less
persistent and have apparently not adapted locally (Benkman
1999). Although this last line of evidence indicates that se-
lection by crosshills has at least affected the rate of change,
the direction of change was not very different from that pre-
dicted if trees had simply reduced the amount of cone mass
compared with that devoted to seed mass.

The goal of this paper is to further evaluate whether cross-
bills and lodgepole pine coevolve when red squirrels are ab-
sent. First, we address the hypothesis that the differences in
cone traits between geographic areas are the result of selection
and relaxation of selection by Tamiasciurus and the result of
selection by red crosshills where red squirrels are absent. Two
predictions can be tested: (1) traits that act to deter Tamias-
ciurus and result in areduction in seed production (i.e., result
in an increase in cone mass relative to seed mass) should differ
between areas where red squirrels are present and absent in a
manner consistent with selection and relaxation of selection
by Tamiasciurus, respectively; and (2) some differences in
cone traits are related to selection by crosshills and are not
related to selection and relaxation of selection by Tamiasciu-
rus. For example, traits that result in an increase in cone mass,
and are thus costly to the plant, might be more developed in
the absence of Tamiasciurus if these traits act to deter cross-
bills. An alternative hypothesisisthat differencesin conetraits
between geographic areas are simply the result of selection
and relaxation of selection by Tamiasciurus. This hypothesis
would be supported if the results were consistent with only
the first prediction of the first hypothesis. Finally, we test the
hypothesis that the bill structure of the crosshills on the largest
isolated mountain ranges is an adaptation to foraging on cones
in these mountain ranges.

METHODS
The Sudy System

Throughout the Rocky Mountains, red squirrels are the
main seed predators of lodgepole pine. Red squirrels harvest
many |odgepole pine cones and cache them in the ground in
middens soon after the seeds maturein late summer and early
autumn, but before the cone scales begin opening (Smith
1968, 1970, 1981; Elliott 1988); insects consume less than
0.1% of the seed crop (Miller 1986). Seeds in these cached
cones provide the main winter food for Tamiasciurus and are
unavailable to crosshills and other seed predators (Smith
1968, 1970, 1981). In the Rocky Mountains from the Y ukon
to Colorado, cones are short, are wide at the base (Fig. 1),
have few seeds, and have an especially high ratio of cone
mass to seed mass (nearly 100 to 1) that reflects selection
by Tamiasciurus (Smith 1970; Elliott 1974, 1988; Wheeler
and Guries 1982b; Benkman 1999). Red squirrels tend to
avoid cones that are wide at the base because wide cones are
difficult to bite off the branch (Smith 1970; Elliott 1974,
1988). After cones are removed from the branch, red squirrels
forage for seeds by biting off successive scales at their base
starting at the proximal end of the cone. Seeds are mostly
located under the distal scales, so when cones have few seeds
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and when cone mass is large relative to seed mass red squir-
rels need to bite through more scale mass before reaching
seeds.

Red crosshillsin North America are categorized into about
eight call types that are recognized by distinct vocalizations
(Groth 1993; Benkman 1999). At least six of these call types
are each specialized for foraging on different species of co-
nifers (Benkman 1989b, 1993, 1999; Benkman and Miller
1996). One call type is specialized for foraging on seeds in
lodgepole pine cones in the Rocky Mountains (call type 5 of
Groth 1993; see also Benkman 1993; Benkman and Miller
1996). Another call type is endemic to the South Hills and
Albion Mountains of Idaho and appears to be specialized for
foraging on lodgepole pine cones in these mountains (Benk-
man 1999). In isolated ranges east and west of the Rocky
Mountains, including the South Hills and Albion Mountains,
where red squirrels are absent (see Fig. 1), red crosshills are
the main seed predators of seeds in lodgepole pine cones. In
the largest isolated ranges crosshills are resident, have dis-
tinct bill morphologies, and are up to 20 times more abundant
than in comparable habitat in the Rocky Mountains (Benk-
man 1999, unpubl. data).

These large isolated ranges have lodgepol e pine cones that
are predominantly (>90%) serotinous (C. W. Benkman, pers.
obs.). Serotinous cones remain closed until sufficient heat
melts the resinous bonds holding the cone scales together
(Johnson and Gutsell 1993) and serotinous cones are char-
acteristic of areas where stand-replacing fires are common
(Muir and Lotan 1985). South Hills crosshills mostly feed
upon 3-7-year-old serotinous cones that accumulate in the
absence of Tamiasciurus (C. W. Benkman, pers. obs.). The
relative scarcity of these coneswhere red squirrelsare present
explains why crosshills are common in Rocky Mountain lod-
gepole pineforest only in the absence of Tamiasciurus. Cross-
bills rely on seeds in these older cones presumably because
their scales have opened slightly or their resinous bonds have
weathered; crosshills cannot easily remove seeds from se-
rotinous lodgepole pine cones whose resinous bonds are in-
tact. Only after the cone scales open further can other ver-
tebrate seed predators (e.g., Parus gambeli and Carduelis pi-
nus) reach the seeds, but by then many of the seeds have
been shed or eaten by crosshills. In these isolated ranges,
cones are longer, relatively narrower, have more and larger
seeds and thicker distal scales than where red squirrels are
present (Benkman 1999).

The ranges lacking Tamiasciurus have been isolated from
the Rocky Mountains by nonforested habitat for about 12,000
years or less. The lodgepole pine forests in the South Hills
and Albion Mountainsin Idaho (Fig. 1) werelikely connected
to lodgepole pine forests in adjacent ranges more than 10,000
years ago (Wells 1983; O. K. Davis, pers. comm.; see also
Bright 1966; Davis et al. 1986). How long red squirrels have
been absent is unclear, but it is probably less than 10,000
years. Allozyme studies of lodgepol e pine (Wheeler and Gur-
ies 1982a; Dancik and Yeh 1983) are consistent with the
hypothesis that lodgepole pine, widespread in the western
United States near the end of the Pleistocene (Critchfield
1985), spread from the northern Rocky Mountains and col-
onized the Cypress Hills in southern Canada (Fig. 1) after
glaciers retreated 12,000 years ago (see Thompson and Kuijt
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Fic. 1. Thedistribution of lodgepole pine (black), locations of study sites, and representative crossbills and cones in the Rocky Mountains
(lower right), in the Cypress Hills (upper right), and in the South Hills and Albion Mountains (lower left; modified from Benkman 1999).
The crosshills and cones are drawn to relative scale. Red squirrels (Tamiasciurus hudsonicus) are found throughout the range of lodgepole
pine except in some isolated mountains, including the South Hills (SH) and Albion Mountains (AM). Red squirrels were absent from
the West Block (WB) and Centre Block (CB) of the Cypress Hills until being introduced in 1950. One Rocky Mountain study site not
shown was near Twin Lakes, Colorado approximately 650 km south-southeast of the Wind River Range (WR) site. The two other Rocky
Mountain study sites were Crow’s Nest Pass (CN) and Little Belt Mountains (LB).

1976). Crosshills likely became resident in the Cypress Hills
only in the last 6800 years, when lodgepole pine became
common (Sauchyn and Sauchyn 1991) in apparent response
to cooler and wetter conditionsin theregion (Barnosky 1989).
Pine was probably too rare to support a population of Tam-
iasciurus prior to 6800 years ago, and Tamiasciurus would
not have been able to colonize the Cypress Hills because
extensive grassland steppe surrounded the Cypress Hills dur-
ing the last 10,000 years (Ritchie 1976; Thompson and Kuijt
1976; Barnosky 1989).

Based on the above information, we assume that lodgepole
pine independently colonized the South Hills and the Cypress
Hills and had cones similar to those that characterizelodgepole
pine throughout the Rocky Mountains. Thisimplies, therefore,
that all the differences between cones in the Rocky Mountains
and these isolated ranges represent changes that have occurred

in the isolated ranges in the past 12,000 years. This might
seem like a short time, especially for lodgepole pine (average
generation time probably exceeds 100 years; e.g., Muir 1993),
to evolve substantial differences. However, rapid and extensive
evolution of quantitative traits, including cone structure, has
occurred in other populations of lodgepole pine (Aitken and
Libby 1994; Xie and Ying 1995). Moreover, many of the
measured lodgepole pine cone traits are heritable. Heritability
in the broad sense (H2) equals 0.53 for cone length, 0.30 for
cone width, 0.25 for cone mass, 0.43 for seed mass, and 0.37
for the number of seeds per cone (T. S. Kimbrell, C. C. Smith,
J. S. Pontius, and P. F. Elliott, unpubl. ms.).

Cone Variation

We used discriminant function analysis (DFA) to find
which cone traits most strongly distinguish geographic areas
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where predation on cones is dominated by Tamiasciurusfrom
areas where predation is dominated by crosshills. DFA is
successful when few cases are misclassified. We used jack-
knifed classification so that the resulting classification was
not based on the same cases used in developing the classi-
fication eguations. We limited analyses to serotinous cones
from four locations in the Rocky Mountains (Tamiasciurus
present) and four isolated ranges without Tamiasciuruswhere
crosshills are known to have been or are common. Most |od-
gepole pine trees at the study sites had serotinous cones (C.
W. Benkman and W. C. Holimon, pers. obs.). The four lo-
cations with Tamiasciurus are Crow’s Nest Pass, Little Belt
Mountains, Wind River Range, and Twin Lakes (Fig. 1). The
four locations without Tamiasciurus were the South Hills,
Albion Mountains, and the West Block and Centre Block of
the Cypress Hills (Fig. 1). Although red squirrels were in-
troduced into the Cypress Hills in 1950 (Newsome and Dix
1968) and are now common (Benkman 1999), all the cones
sampled in the Cypress Hills came from trees that germinated
before 1950.

We measured three cones from each of 22-30 trees from
each of the eight sites. We selected trees haphazardly with
the constraint that cones could be reached with a 9-m exten-
sion pole with a clipper attached at the end. Only cones
without apparent deformities were measured. The following
cone and seed traits were measured: closed cone length, max-
imum width of closed cone, the thickness at the distal end
of six scales in the middle of the distal third of the cone and
in the middle of the proximal third of the cone (the six scales
were selected approximately equidistant around the cone),
cone mass with seeds removed, number of seeds and number
of full seeds (i.e., filled with female gametophyte, hereafter
seed kernel), and the individual masses of five filled seeds.
All length measurements were made to the nearest 0.01 mm
with digital calipers. All mass measurements were made to
the nearest 0.1 mg with a digital scale after the cones and
seeds were oven-dried at 60—70°C for more than 2 days. We
analyzed seven of the eight measured traits (In-transformed
tree means) in the DFA. The number of full seeds was not
used because it is highly correlated with the total number of
seeds (r = 0.88) and the percentage of full seedsisinfluenced
by the frequency of outcrossed pollen (Smith et al. 1988),
which is not a characteristic of interest in this analysis. We
used two-level nested ANOVA on each cone trait (In-trans-
formed, unless noted otherwise) to test for differences be-
tween areas and among sites within areas with and without
Tamiasciurus. Regression and ANCOV A were used to control
for size changes to further characterize variation between
cone traits that contributed most to differentiating areas with
and without Tamiasciurus. Trees were the experimental units,
so we used the mean value from each tree in these analyses.

Squirrel Preferences

Red squirrels are considered important selective agents on
lodgepol e pine cones (Smith 1970; Elliott 1974, 1988; Benk-
man 1999). To quantify which cone traits might deter Tam-
iasciurus, we contrasted cones from trees that were exten-
sively harvested by Tamiasciurus to cones from trees that
were avoided. We gathered three cones, recently cut by Tam-

285

iasciurus, from the base of 30 lodgepole pine trees on 30
different Tamiasciurus territories in the West Block of the
Cypress Hillsin September 1994. These trees (i.e., harvested
trees) generally had few cones remaining on their branches
(cf. Elliott 1988). We compared cones from these harvested
trees to three cones gathered from trees that were near the
harvested tree and from which red squirrels had harvested
few cones (many closed cones from many previous years
were attached to the branches). Because red squirrelsaremore
selective of conetraits with increasing distance from middens
(Elliott 1988), we selected pairs of trees (> 12 m tall) that
were approximately equidistant from the nearest midden. We
measured the same cone traits as above and used the mean
from each tree in the analyses. We used DFA to contrast
cones from trees that had been harvested or avoided by Tam-
iasciurus as described above, except that we used the number
of full seeds rather than the total number of seeds.

Cone Traits that Impede Crossbills

We used partial correlation between crosshill feeding rates
in captivity and various cone traits to determine which cone
traits might serve as a defense against crossbills. Crosshill
feeding rate isagood measure of seed defense, because cross-
bills maximize feeding rates when foraging (Benkman 1987b,
1989a) and therefore avoid trees where time per seed is high.
Evidence that would indicate that certain cone traits serve as
a defense against crossbills include a significant correlation
between the conetrait and crossbill feeding ratesin the partial
correlation analyses and patterns of geographic variation in
these same cone traits that are consistent with variation in
the selection intensity by crosshills. We excluded cone mass
from the analysis because it was strongly correlated with both
cone length and width (r = 0.66 and 0.77, respectively). Once
it was excluded, the highest correlation was between cone
length and distal scale thickness (r = 0.51).

Captive crosshills were housed in indoor aviaries (1.6 m
X 2.7 m X 2.2 m or larger). The birds were provided with
a constant supply of grit and water. Fresh cones were pro-
vided daily, supplemented with Mazuri Chow (PMI Seeds
Incorporated, St. Louis, MO). Crosshills remained in excel-
lent condition. At least several days before and during the
experiments, crosshills were maintained at a low mass by
monitoring their diet and were required to forage mostly on
seeds in lodgepol e pine cones. To ensure consistent and high
motivation for foraging, we removed all food from the aviary
about 15 h before the experiments. During foraging experi-
ments, the focal crosshill was isolated from other crosshills
by a screen partition. The presence of other crossbillsisolated
by a screen eliminated variation that might arise from time
spent scanning for predators and competitors (Benkman
1997). All foraging experiments were conducted between No-
vember 1997 and October 2000.

Eight red crosshills (call type 2 of Groth 1993) were timed
foraging on serotinous lodgepole pine cones from 82 trees.
Call type 2 crosshills (hereafter ponderosa pine crosshills;
Benkman 1993) are intermediate in bill depth between lod-
gepole pine crosshills from the Rocky Mountains (call type
5 of Groth 1993) and from the South Hills (see Table 3).
Thus, the cone traits that hinder ponderosa pine crossbills
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are likely the same traits that hinder South Hills crossbills
and crosshills ancestral to them. Ponderosa pine crosshills,
therefore, are appropriate subjects to use to determine which
cone traits impede foraging crossbills and which traits may
have experienced selection by crosshills.

The total time required to extract (prying time) and handle
(remove seed coat and swallow the seed kernel) 10 seeds,
beginning after the first seed was eaten (see Benkman 19873,
1993), was recorded for one cone from each tree for each
bird. The tree was the experimental unit, so we used the
overall mean feeding rate of the eight crosshills from each
tree in the partial correlations. We also measured seed han-
dling times for cones from 60 of the trees. Thus, we could
estimate prying time (total time per seed minus average time
to handle a seed) for 60 of the trees.

Cones were selected from trees, including 42 trees used in
the analyses of cone variation described earlier and 40 trees
from other mountain ranges, whose previously measured
cones represented much of the variation in lodgepole pine
cone traits (Benkman 1999). Cones were given to crosshills
in random order with respect to cone traits. We assumed that
the cones used in the foraging experiments had the same
average cone traits as those measured for the tree. This as-
sumption isreasonabl e given that within-tree variancein cone
traits is significantly smaller than the between-tree variance
(Smith 1968; Elliott 1974). To reproduce conesthat crosshills
rely oninthewild (i.e., resinous bonds between scal es broken
or weathered), each cone was placed in boiling water for
about 30 sec to remove the resinous bond and open the scales.
The cones were then stored in plastic bags in a freezer and
thawed before the experiments. Moisture in the bags kept the
scales reclosed.

Have Crossbills Adapted to Lodgepole Pine Cones in the
South Hills?

To determine if crosshills have adapted to lodgepole pine,
we tested one quantitative and two qualitative predictions.
The first qualitative prediction is that each crossbill type
should have a higher feeding rate on cones from its respective
habitat. To test this prediction, we measured the feeding rates
of 10 South Hills crosshills and five Rocky Mountain |od-
gepole pine crosshills on lodgepol e pine cones from the South
Hills and from the Rocky Mountains. Feeding rates were
measured as detailed above, and each crossbill was timed
foraging on 10 cones representative of the South Hills and
10 cones representative of the Rocky Mountains. We used t-
tests on the average feeding rates of each crosshill to test for
differences in feeding rates between the two types of cross-
bills on cones from each area. To determine if there was a
trade-off between adapting to cones from each area, we used
ANOVA to test for asignificant interaction between crosshill
type and cone type.

The quantitative prediction is that average bill depth of the
South Hills crossbill approximates the optimum for foraging
on cones from the South Hills. We measured the feeding
rates of 28 South Hills crosshills to quantify the relationship
between bill size (depth) and feeding efficiency on lodgepole
pine cones from the South Hills (for justification for using
bill depth, see Benkman and Miller 1996). Feeding rateswere
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measured as detail ed above and every bird wastimed foraging
on 10 or 11 cones representative of the South Hillsto provide
an average feeding rate for each bird. The bill depth that is
most efficient at meeting energy demands (i.e., the optimal
bill depth) was estimated as the bill depth that minimizesthe
foraging time necessary to meet daily energy demands. We
estimated feeding efficiency as the inverse of the product of
prying time and estimated daily energy demands (Benkman
1993; Benkman and Miller 1996). We used prying time be-
cause hill size (depth) is closely related to prying time but
not seed husking time (Benkman 1993). Daily energy de-
mands were estimated as (body mass)?-6052 (Walsberg 1983).
Body mass depends upon a variety of factors including the
amount of fat stored and, especially in captivity, the loss of
flight muscle mass. The crosshills used in this experiment
varied in body fat at time of capture. Consequently, body
mass was estimated from the allometric relationship between
body mass (Y, in g) and bill depth (X, in mm): Y = —3.78
+ 3.82X (r2 = 0.68, df = 77, P < 0.0001), where body mass
was measured at time of capture of crosshills lacking much
fat.

The second qualitative prediction is that the South Hills
crosshill has evolved abill shape that is adaptive for foraging
on lodgepole pine cones in the South Hills. To test this pre-
diction, we used bill depth and length measurements to quan-
tify bill shape. Then we used comparative feeding efficiency
data to test whether differences in bill shape are adaptive.
Bill depth was measured at the anterior end of the nares. The
mean of the upper and lower mandible lengths was used to
estimate bill length. Upper mandible length was measured
from the tip of the upper mandible to the anterior end of the
right naris. Lower mandible length was measured from the
tip of the lower mandible to the base where rami meet. Bills
were measured to the nearest 0.01 mm with digital calipers.
C. W. Benkman and W. C. Holimon measured the crosshills.
Our bill measurements (we each measure bill depth 3-5 times
per bird and use the mean) are nearly identical and highly
repeatable. For example, of the 17 South Hills crosshills that
we both independently measured about one month apart, the
average difference in bill depth was 0.001 mm (repeatability
= 0.992, F = 245.1; Lessells and Boag 1987). We used the
foraging data on 17 South Hills crossbills gathered to test
the quantitative prediction described above and in the same
manner we measured and analyzed feeding rates of 14 pon-
derosa pine crosshills.

REsULTS
Cone Variation

Cones from areas with Tamiasciurus differed significantly
(DFA: eigenvalue = 3.58, F; 50, = 103.4, P < 0.0001) from
cones from areas without Tamiasciurus. Areas without Tam-
iasciurus had positive canonical scores, and the canonical
discriminant functions correctly classified 97% and 96% of
the trees (jackknifed classification) from areas with and with-
out Tamiasciurus (n = 97 and 113 trees), respectively. In-
dividually, al conetraits differed significantly between areas
with and without Tamiasciurus (Table 1). Significant differ-
ences were also found among sites within each area, with the
exception of distal scale thickness (Table 1). Although most
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cone traits had larger values in areas without Tamiasciurus
than in areas with Tamiasciurus, cones where red squirrels
are absent were not simply larger versions of cones where
red squirrels are present.

Based on the canonical discriminant functions, areas with-
out Tamiasciurus were characterized by larger and more slen-
der cones with thinner basal scales, thicker distal scales, and
larger seeds. These differences can be readily seen in bivar-
iate plots. For example, a plot of cone width in relation to
cone length (Fig. 2A) shows that cones in areas without Tam-
iasciurus were longer and also relatively more slender than
in areas with Tamiasciurus. Cone width was linearly related
to cone length (P < 0.0001) within areas where red squirrels
are present and within areas where red squirrels are absent
(Fig. 2A), however, the slopes of these two regressions dif-
fered significantly (ANCOVA, F = 9.7, df = 1, P = 0.002).

Distal and proximal scale thickness were linearly related
(P < 0.001) within areas where red squirrels are present and
within areas where red squirrels are absent (Fig. 2B). The
slopes of the regressions between distal and proximal scale
thickness did not differ between areas with and without Tam-
iasciurus (ANCOVA, F = 1.1, df = 1, P = 0.30), but their
intercepts did differ (ANCOVA, F = 1042, df = 1, P <
0.0001). These results show that distal scales are relatively
thick and proximal scales are relatively thin in areas without
Tamiasciurus compared with areas with Tamiasciurus.

Seed mass was linearly related to cone mass (P < 0.0001)
within areas where red squirrels are present and within areas
where red squirrels are absent (Fig. 3A). The slopes of the
regressions between seed mass and cone mass did not differ
between areas with and without Tamiasciurus (ANCOVA, F
= 0.6, df = 1, P = 0.42), but their intercepts did differ
(ANCOVA, F = 101.9, df = 1, P < 0.0001). The difference
in intercept indicates that differences in seed mass between
areas with and without Tamiasciurus have occurred indepen-
dently of changes in cone size. The number of seeds (total
and full) per cone was also linearly related to cone mass (P
< 0.03) within areas where red squirrels are present and
within areas where red squirrels are absent. The slopes of
the regressions between the number of seeds (total and full)
per cone and cone mass did not differ between areas with
and without Tamiasciurus (ANCOVA: F<0.2,df =1, P >
0.67). However, the intercepts of these regressions differed
(F > 45.8, df = 1, P < 0.0001) so that the number of seeds
per cone was significantly greater in areas without Tamias-
ciurusthanin areas with Tamiasciurus. Larger individual seed
masses and more seeds per cone resulted in a substantially
greater total seed mass relative to cone mass (Fig. 3B) in
areas without Tamiasciurus than with areas with Tamiasciu-
rus (ANCOVA: for slope F = 0.0001, df = 1, P = 0.99; for
intercept F = 136.4, df = 1, P < 0.0001).

Squirrel Preferences

Cones from trees intensively harvested by Tamiasciurus
differed significantly (DFA: eigenvalue = 0.67, F; 5, = 5.0,
P = 0.0002) from cones from trees avoided by Tamiasciurus.
The canonical discriminant functions correctly classified 77%
and 63% of the trees (jackknifed classification) from trees
harvested and avoided by Tamiasciurus (n = 30 and 30 trees),
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respectively. Slender cones with many seeds characterized
trees intensively harvested by Tamiasciurus. These results
were consistent with previous analyses of the same data
(Benkman 1999), which showed that red squirrels prefer-
entially harvested cones that had a small ratio of cone width
to cone length, more full seeds, and a higher total seed mass
relative to cone mass.

Cone Traits that Impede Crosshills

Five cone traits were significantly correlated (partia cor-
relation) with foraging time (Table 2). First, distal scalethick-
ness was positively correlated with time per seed (Table 2).
Most seeds are located in the distal half of the cone and this
is where crosshills forage. Second, larger seeds take longer
to extract from the cone than small seeds (Table 2). This
correlation arises presumably because larger scales surround
larger seeds (McGinley et al. 1990), which provide greater
resistance to the forces exerted by crossbills. Alternatively,
larger seeds take longer to handle. However, a similar and
even stronger relationship was found between prying time
per seed, which excludes seed handling time, and seed mass
(Table 2). Third, time per seed increased as cone width in-
creased (Table 2). Cone width near the distal end of the cone
would provide a measure of the amount of scale mass cov-
ering aseed. However, cone width was measured at the widest
part of the cone, which was usually near the proximal end
(see Fig. 1). We assume that cone width provides a rough
measure of the width of the cone near the distal end. Fourth,
foraging time increases with decreasing cone length (Table
2). We interpret the inverse relationship between foraging
time and cone length in terms of the amount of scale overlap
and therefore the number of scales that impede crossbills
when they are trying to extract a given seed. If other cone
variables like scale thickness and seed size (which is about
equal to scale length and width; McGinley et al. 1990) are
controlled by partial correlation, shorter cones have greater
overlap between adjacent scales than longer cones. Fifth,
prying time increases with increases in the number of empty
seeds (Table 2). Crosshills cannot distinguish empty seeds
from full seeds until they are secured in the bill. Thus, in-
creases in empty seeds result in an increase in time between
full seeds.

Have Crossbills Adapted to Lodgepole Pine Cones in the
South Hills?

South Hills crosshills had significantly higher feeding rates
on South Hills lodgepole pine cones than did lodgepole pine
crosshills from the Rocky Mountains (Fig. 4; t = —2.93, df
= 13, P = 0.012). Conversely, lodgepol e pine crosshillsfrom
the Rocky Mountains had significantly higher feeding rates
on Rocky Mountain lodgepole pine cones than did South
Hills crosshills (Fig. 4; t = 3.33, df = 13, P = 0.005). These
two results in combination show a strong trade-off between
adapting to cones from the South Hills and the Rocky Moun-
tains (ANOVA, interaction between cone and crossbill types:
F = 19.6, df = 1, P = 0.0002), and that both crosshill types
have adapted to the cones in their respective ranges. Finally,
feeding rates for both crosshill types were significantly lower
on cones from the South Hills than on cones from the Rocky
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Fic. 2. Cone width in relation to cone length (In transformed) and
distal scale thickness in relation to proximal scale thickness (In
transformed). (A) The linear relationships between In cone width
(Y) and In cone length (X) were highly significant for areas where
red squirrels are present (solid line: Y = 0.79 + 0.67X, r2 = 0.34,
df = 95, P < 0.0001) and where red squirrels are absent (dashed
line: Y = 2.08 + 0.31X, r2 = 0.15, df = 111, P < 0.0001). (B)
The linear relationships between In distal scale thickness (Y) and
In proximal scale thickness (X) were significant for areas where red
squirrels are present (solid line: Y = 0.48 + 0.46X, r2 = 0.33, df
= 95, P < 0.0001) and where red squirrels are absent (dashed line:
Y = 0.55 + 0.57X, r2 = 0.27, df = 111, P < 0.0001). Each symbol
represents the means from one tree.

Mountains (ANOVA, F = 67.5, df = 1, P < 0.0001). This
result suggests that cones in the South Hills have enhanced
defenses directed at crossbhills.

Prying time (Y, in sec) on South Hillslodgepol e pine cones
is curvilinearly related to bill depth (X, in mm) for South
Hills crosshills (Y = 1460.9 — 290.9X + 14.5X2, r2 = 0.48,
df = 25, P = 0.0002, P = 0.0037 for quadratic term). We
used this relationship in combination with allometric rela-
tionships to estimate daily energy expenditures and to esti-
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individual seed mass and the number of full seeds per cone) in
relation to cone mass (In transformed). (A) The linear relationships
between In individual seed mass (Y) and In cone mass (X) were
significant for areas where red squirrels are present (solid line: Y
= —1.11 + 0.29%, r2 = 0.16, df = 95, P < 0.0001) and where red
squirrels are absent (dashed line: Y = —1.54 + 0.38X%, r2 = 0.19,
df = 111, P < 0.0001). (B) The linear relationships between In
total seed mass (Y) and In cone mass (X) were significant for areas
where red squirrels are present (solid line: Y = —2.90 + 0.81X, r?
= 0.15, df = 95, P < 0.0001) and where red squirrels are absent
(dashed line: Y = —1.93 + 0.81X, r2 = 0.11, df = 111, P = 0.0003).
Each symbol represents the means from one tree.

mate the most efficient or optimal bill depth (see Methods).
Based on the quadratic relationship between foraging effi-
ciency and bill depth (Fig. 5), the optimal bill depth is 9.99
mm. The average bill depth for South Hills crosshillsis 9.87
mm (Table 3). This is smaller than the estimated optimum,
but is larger than the two largest other crosshillsin theregion
(Table 3). These results show that the South Hills crossbill
has adapted to lodgepole pine cones in the South Hills, but
may not have the optimal bill depth.

The South Hills and Cypress Hills crosshills have deeper
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TABLE 2. Partial correlation coefficients between various Rocky
Mountain lodgepole pine cone traits and prying time (n = 60 trees)
and foraging or total time per seed (n = 82 trees; all In-transformed)
for eight ponderosa pine red crosshills.

Prying time per seed  Total time per seed

Cone length -0.176 —0.322%**
Cone width 0.092 0.300%**
Distal scale thickness 0.156 0.256*
Proximal scale thickness —0.165 0.009
Individual seed mass 0.335** 0.239*
Number of full seeds 0.193 0.111
Number of empty seeds 0.329** 0.172

* P < 0.05 ** P <0.02; *** P < 0.01

and relatively shorter bills compared to lodgepole pine and
ponderosa pine crosshills (Fig. 6). The shorter the bill for a
given bill depth, the more decurved the mandibles (see Fig.
1). One result of more decurved mandibles is that greater
biting forces can be withstood (as compression rather than
shearing forces) and therefore exerted at their tips (see Grant
and Grant 1989). This could enable the short-billed South
Hills crosshill to have a smaller optimal bill depth, which
would be adaptive if it alows a smaller body with lower
energy requirements. A comparison of the estimated feeding
efficiencies of South Hills and ponderosa pine crosshills sup-
ports this hypothesis (Fig. 5). Feeding efficiency for pon-
derosa pine crosshills on South Hills lodgepole pine cones
does not appear to level off within the measured bill range,
whereas feeding efficiency peaks at a bill depth of about 10
mm for the South Hills crosshill. This hypothesis also re-
quires that body mass is allometrically related to bill depth
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Fic. 4. Feeding rates (mean + SE) of South Hills crossbills (n =

10 birds) and lodgepole pine crosshills (n = 5 birds) on lodgepole
pine cones from the South Hills and Rocky Mountains.
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Fic. 5. Estimated feeding efficiencies of South Hills crossbills
(open circles) and of ponderosa pine crosshills (solid circles) on
South Hills lodgepole pine cones. The dashed curve represents the
quadratic equation that best fits the data for South Hills crosshills
(feeding efficiency = —92.94 + 18.76 (bill depth) — 0.94 (bill
depth)?, r2 = 0.35, df = 25, P = 0.005, P = 0.020 for quadratic
term). The solid line represents the best-fit linear regression for
ponderosa pine crosshills (feeding efficiency = —0.44 + 0.13 (bill
depth), r2 = 0.42, df = 12, P = 0.012). Feeding efficiency was
standardized within each type of crosshill; thus, comparisons be-
tween individuals in different types are inappropriate.

and that this allometric relationship is the same for South
Hills and ponderosa pine crosshills. Such an allometric re-
lationship was presented in the Methods. A similar allometric
relationship was also found between the mean body mass and
mean bill depth (weighted by sex) of six different North
American red crosshill call types (r = 1.000, P < 0.0001;
data from appendix D in Groth 1993). Finally, the slopes and
the intercepts of the relationships do not differ between South
Hills and ponderosa pine crossbills (ANCOVA: for slope F
= 04, df = 1, P = 0.51; for intercept F = 0.3, df = 1, P
= 0.61).

DiscussioN

Our results indicate that in the absence of Tamiasciurus
lodgepole pine has evolved in response to relaxation of se-
lection by Tamiasciurus. This alone could lead to a selection
mosaic for crosshills, with crosshills experiencing different
selection pressures in the different areas as a result of geo-
graphic variation in cone traits. However, our results show
that in the absence of Tamiasciurus, lodgepole pine has also
evolved in response to selection by crossbills and that cross-
billsin turn have evolved in response to the increases in cone
defenses. That is, variation in the presence and absence of
Tamiasciurus provides the mechanism determining whether
coevolution occurs between crosshills and lodgepole pine,
and thus determines the geographic sel ection mosaic for both
crosshills and lodgepole pine. Below we discuss the evidence
for reciprocal adaptation between crossbills and lodgepole
pine.

Evolution in Lodgepole Pine in Response to Seed Predators

Before considering the differences in cone traits between
areas as evolutionary responses to selection by seed preda-
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TaBLE 3. The predicted optimal and observed bill depths (in mm)
for red crossbillsin the northern Rocky Mountain region. The observed
bill depths are weighted by sex.

Observed bill depth*

Optimal
Conifer bill depth X n
South Hills lodgepole pine 9.99 9.87 95
Rocky Mtn. lodgepole pine 9.282 9.29 32
Rocky Mtn. ponderosa pine 9.56° 9.64 60

1 Measurements for the crosshill call type predicted to be adapted to respective
conifer.

2 From Benkman and Miller (1996).

3 Based on unpublished data for 16 crosshills timed foraging on Rocky Moun-
tain ponderosa pine (Pinus ponderosa ssp. scopulorum); foraging efficiency =
—103.3 + 21.8(bill depth) — 1.1(bill depth)? r2 = 0.44, df = 14, P = 0.018,
P = 0.014 for quadratic term.

tors, we need to consider the alternative that the differences
are the result of adaptive phenotypic plasticity in response
to seed predation. Three lines of evidence rule out this al-
ternative. First, as mentioned earlier the various cone traits
have fairly high broad-sense heritabilities. Second, Tamias-
ciurus has been the dominant seed predator in the Cypress
Hills since 1950 (when red squirrels were introduced), yet
the cones in the Cypress Hills are similar to cones in other
areas wWhere crosshills are the dominant seed predator (Table
1; Benkman 1999). Third, if cone characters are phenotyp-
ically plastic in response to seed predation, then trees that
are harvested by Tamiasciurus year after year should over
time develop cone traits that characterize areas where red
squirrels are the dominant seed predator. Conversely, trees
whose cones are avoided (not harvested) year after year
should over time develop cone traits that characterize areas
where red squirrels are absent. The exact opposite was found.
L odgepol e pines whose cones have been consistently avoided
by Tamiasciurus in the Cypress Hills, as compared to trees
that have been consistently harvested by Tamiasciurus, have
conetraits that better characterize regionswhere red squirrels
are present (Benkman 1999). We assume, therefore, that dif-
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Fic. 6. Bill depth in relation to bill length (mean + SD) for four
different taxa of red crossbills. Sample sizes were 27 lodgepole
pine crosshills, 61 ponderosa pine crosshills, 10 CypressHills cross-
bills, and 57 South Hills crossbills. All crosshills were alive when
measured except the Cypress Hills crosshills.
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ferences in cone traits between areas represent genetic dif-
ferences.

Benkman (1999) showed that the overall change in lod-
gepole pine cone structure in the absence of Tamiasciurus
could be explained if trees were maximizing defenses di-
rected at crosshills (i.e., benefits) relative to the costs of the
defenses. The analyses here complement these results by be-
ing more explicit about which traits change and why. For
example, some cone traits are related to deterring predation
by Tamiasciurus. In the absence of Tamiasciurus, these cone
traits evolve to be less costly by having high values of seed
mass relative to cone mass (Fig. 3B). These changes include
decreases in cone width (Fig. 2A) and proximal scale thick-
ness (Fig. 2B), which are easy to understand. Wider cones
with thicker proximal scales are more difficult for Tamias-
ciurus to remove and more difficult to bite through (Smith
1970; Elliott 1974, 1988). When red squirrels are absent, the
extra cone mass at the base serves no defensive function
against crosshills because they forage in the distal parts of
the cone.

Cones with more seeds are preferred by Tamiasciurus be-
cause they harvest and cache whole cones. Furthermore, feed-
ing rates are higher on cones with more seeds (Elliott 1988)
because to reach the distal half of the cone where seeds are
most numerous red squirrels have to remove each successive
and often sterile scale starting at the base of the cone. In
contrast, the number of full seeds per cone has a negligible
affect on crosshill feeding rates (Table 2), because crosshills
avoid the parts of the cone with sterile scales. Consequently,
in the absence of Tamiasciurus, lodgepole pine benefits be-
cause the number of seeds increases, resulting in an increase
in the ratio of seed mass to cone mass. Similar differences
in the ratio of seed mass to cone mass and in the number of
seeds per cone between areas without Tamiasciurus in com-
parison to areas with Tamiasciurus are found in limber pine
(P. flexilis, Benkman 1995). The number of seeds per cone
is2.0 and 2.2 times greater, and the amount seed massrelative
to cone massis 2.3 and 2.4 times greater for limber pine and
lodgepole pine, respectively, in areas without Tamiasciurus
than in areas with Tamiasciurus. In contrast, lodgepole pine
cones are about 45% larger, whereas limber pine cones are
about 30% smaller in areas without Tamiasciurus than in
areas with Tamiasciurus. One important difference between
lodgepole and limber pine is that the seeds of limber pine
(~ 90 mg) aretoo large for crosshills to handle (C. W. Benk-
man, pers. obs.). We believe that lodgepole pine cones are
greater in mass in the absence of Tamiasciurus rather than
smaller asfound in limber pine because of selection by cross-
bills.

Cone traits that act to deter crosshills should increase the
cone’s resistance to the forces crosshills exert while sepa-
rating overlapping cone scales to extract individual seeds.
Thus, for example, scale size in the distal end of the cone
where most of the seeds are located should be greater in areas
without Tamiasciurus than in areas with Tamiasciurus. Thick-
er distal scalesimpede crosshillsfrom separating overlapping
cone scales to retrieve the underlying seeds and characterize
cones from areas where crosshills presumably exert strong
selection. With just relaxation of selection by Tamiasciurus,
we would expect a reduction in distal scale thickness, as
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found for proximal scale thickness. In addition, proximal and
distal scalethickness are positively correlated within all eight
study sites (P < 0.05), so theincrease in distal scalethickness
in the absence of Tamiasciurus is not a correlated response
to areduction in proximal scale thickness.

We suggested that the differencein seed sizein areaswhere
red squirrels are absent is the result of selection by crossbills
favoring an increase in individual scale size, and that seed
sizeincreases as a correlated trait (see McGinley et al. 1990).
In further support, variation in seed size between rangeswith-
out Tamiasciurus is related to the area of lodgepole pine and
perhaps the intensity of selection by crosshills. The smallest
seeds (mean = 5.44 mg, SE = 0.10, n = 2 sites, 52 trees
sampled) are found in the smallest ranges, the West Butte
and East Butte of the Sweetgrass Hills (3 km2 and 4 km? of
lodgepole pine, respectively; Benkman 1999). There, red
crosshills do not appear resident or very common (C. W.
Benkman, pers. obs.). Seeds are largest (mean = 6.70 mg,
Table 1) in the largest ranges, the South Hills and Cypress
Hills (100 km2 and 80 kmZ, respectively), and there crosshills
are very common and have evolved endemic races that at
least in the South Hills harvest seeds from a large fraction
of the cones.

One alternative hypothesis for the geographic variation in
seed size is that selection by Tamiasciurus favors smaller
seed size so that in the absence of Tamiasciurus seed size
increases. This hypothesisis not supported because seed size
is not related to lodgepole pine cone preferences by Tam-
iasciurus (Smith 1970; Elliott 1974, 1988; Benkman 1999).
In addition, limber pine seed mass does not differ between
areas with and without Tamiasciurus (Benkman 1995), sug-
gesting that Tamiasciurus has not influenced seed size evo-
lution in other pines.

A second alternative explanation for the geographic var-
iation in seed size is selection during the seedling stage. For
example, seedlings from larger seeds might be favored during
drought or if competition or shading is great during the very
early stages of growth (Westoby et al. 1996). Although we
do not have measures of drought experienced by seedlings,
we do have measures of annual precipitation from near 11
of the 16 study sites where we have seed mass data (means
or ranges of annual precipitation, in which case we use the
mean of the range). Individual seed mass is not correlated
with annual precipitation (r = 0.08, df = 9, P = 0.80). We
also estimated average precipitation for each of the 16 study
sites during June and July from climate data from 1950 to
1995 (http://www.cdc.noaa.gov:80/USclimate/). (We as-
sumed similar precipitation patterns in southern Canada to
those in adjacent areas in Montana.) We were not able to
account for topographic or local variation in precipitation,
although all the study sites were located at mid to upper
elevations on mountains. June and July were chosen because
drought conditions then are known to cause high mortality
in lodgepole pine seedlings (L otan and Perry 1983). Although
these analyses are based on crude estimates of drought, no
relationship was found between individual seed mass and
precipitation during June and July (r = 0.00, df = 14, P =
0.87). We do not have measures of competition experienced
by seedlings, although when most of the treesin a stand have
serotinous cones (most trees from all sites had serotinous
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cones and only serotinous cones were sampled) seeds gen-
erally germinate after a stand-replacing fire (Muir and Lotan
1985). In the absence of a relationship between measures of
precipitation and seed mass, and given that the seedlings
generally develop in full sun following a fire, we have no
evidence that conditions during early growth have differen-
tially favored large seeds in the absence of Tamiasciurus.

We believe that cones are longer in areas where selection
by crosshills predominates (and red squirrels are absent) be-
cause of relaxation of selection by Tamiasciurus favors more
seeds per cone and selection by crosshillsfavorslarger scales.
That cone length would increase as the number of seeds and
scale size increase is consistent with the results of the mul-
tiple regression between lodgepole pine cone length (Y) and
the number of seeds per cone (X) and individual seed mass
(Z; dl In-transformed). This regression accounted for 67%
of the variation in cone length: Y = 2.87 + 0.10X + 0.31Z
(R2 = 0.67, n = 210 trees, P < 0.0001). Such an explanation
is also consistent with crosshill foraging behavior on Scots
pine (Pinus sylvestris) in Scotland. There, crosshills prefer-
entially forage on trees with shorter cones apparently because
the cones have thinner scales (Summers and Proctor 1999).
In contrast, our partial correlation analysis suggests that
crosshills might select for shorter cones. Our interpretation
is that selection by crosshills favors increased scale overlap,
not decreased cone length. Because the partial correlation
controls for the other cone variables like scal e thickness and
seed size (about equal to scale length and width), cone length
perhaps more closely reflects the amount of overlap between
adjacent scales. If scale overlap increases as cone length de-
creases in the partial correlation, then the number of scales
that impede crossbills when they are trying to extract agiven
seed should increase as cone length decreases. We need direct
measures of cone preference and of scale overlap to test this
hypothesis.

Cone width where seeds are located would be one of best
linear measures reflecting the forces required by crossbills
to separate cone scales. We measured cone width where the
cone was widest, which was usually near the proximal end
where few seeds occur. Nevertheless, maximum cone width
should be roughly correlated with the width of the conewhere
seeds are located. Such a positive correlation would explain
why cone width was positively related to time per seed. Un-
fortunately, we do not have other measures of cone width.
However, the cones in Figure 1 illustrate well the general
shape differences between areas. Cones have much wider
distal halves in areas where red squirrels are absent than
where they are present. This needs to be better quantified.

Increases in the number of empty seeds could also act to
deter crosshills (Table 2). For example, juniper titmice (Baeo-
lophus griseus) avoid feeding on juniper (Juniperus osteos-
perma) trees with relatively high frequencies of empty seeds
(Fuentes and Schupp 1998). However, empty seeds in lod-
gepole pine are the result of self-fertilization so that the fre-
quency of empty seeds is related to stand density (Smith et
al. 1988). Consequently, the number of empty seedsis likely
to have low heritability, and variation in the number of empty
seeds is unlikely the result of selection by seed predators.

In sum, with relaxation of selection by Tamiasciurus east
and west of the Rocky Mountains, lodgepole pine has fewer

CRAIG W. BENKMAN ET AL.

defenses directed at Tamiasciurus and allocates more re-
sources to seed mass relative to cone mass. Asaresult, lodge-
pole pine is able to produce more seeds for a given amount
of resources. As the proportion of cone mass decreases rel-
ative to seed mass, however, seeds have become less acces-
sible to crosshills (Fig. 4). In fact, alarger bill isfavored for
foraging on cones in the South Hills than in the Rocky Moun-
tains (Table 3). This suggests that |odgepol e pine cones have
not simply lost seed defenses, but have also changed in ways
that are related to selection by crosshills. These changes,
however, are less straightforward in part because we mostly
measured whole cone traits that are relevant to Tamiasciurus,
which harvest cones whole, but less relevant to crosshills,
which extract seeds individually. The cone traits that have
increased in apparent response to selection by crosshills are
larger and thicker cone scales and perhaps greater overlap of
scales. These traits would increase the resistance against
crosshills trying to spread apart overlapping scales to expose
underlying seeds. Seed mass has also increase presumably
as a correlated trait to scale size (McGinley et al. 1990).
Larger seed size might also be advantageous in more arid
environments, but our data are not consistent with the hy-
pothesis that this advantage differentially affects lodgepole
pine in areas with and without Tamiasciurus. The increases
in seed and scale size and the increase in the number of seeds
per cone have in combination caused cone length and mass
to increase greatly in the absence of Tamiasciurus.

Reciprocal Evolution in Crosshills in Response to Changes
in Cone Structure

Our evidence indicates that red crosshillsin the South Hills
and Cypress Hills have evolved large, strongly decurved bills
as an adaptation for foraging on lodgepole pine cones. The
average bill of the South Hills crosshill (9.87 mm) is not as
large as the predicted optimum for foraging on cones in the
South Hills (9.99 mm), but is larger than the next largest
crosshill in western North America (Table 3). The average
bill depth of crosshills collected in the CypressHillsin 1945—
48, where cones are very similar to those in the South Hills,
was 10.01 mm (n = 10 birds; Benkman 1999). This suggests
that the Cypress Hills crosshill had a bill depth that approx-
imated the optimum and that the South Hills crosshill has
evolved near to the optimum. Alternatively, these distinct
bill sizes and shapes could be the result of phenotypic plas-
ticity. However, phenotypically plastic responses have not
been noted when crossbills have been raised on atypical foods
(Benkman 1993) and bill size is generally highly heritable
in birds (Boag and van Noordwijk 1987; Grant and Grant
1989). Moreover, crosshills have been used to typify organ-
isms for which adaptive phenotypic plasticity is unlikely to
evolve (Schlichting and Pigliucci 1998).

The relatively short and more decurved bill of the South
Hills and Cypress Hills crosshills is an important adaptation
because it enables crossbills to exert stronger biting forces
at the tip than could a straighter bill for agiven depth. Greater
mandible decurvature in turn shifts the optimal bill depth to
a smaller size, which enables South Hills and Cypress Hills
crosshillsto have asmaller body mass and lower daily energy
expenditures. This assumes a strong allometric relationship
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between bill depth and body mass in crosshills and that it
acts as a constraint. Body mass is highly correlated with bill
depth among red crossbills. Strong correlations are al so found
within other taxa of seed-eating birds, with body mass larger
relative to bill depth in taxa that experience higher predation
pressure (Schluter 1988; Benkman 1991; Smith 1997). Thus,
reductions in body mass without concomitant decreases in
bill depth might increase vulnerability to predators (Benkman
1991). This would act as an allometric constraint on body
size evolution.

In the past, we have stressed bill depth as an important
determinant of the forces that can be exerted by crosshillsin
large part because the crossbills we studied varied little in
bill decurvature (see Benkman 1993). However, the results
in this study make it clear that bill decurvature is also im-
portant, especially in determining the biting forces that can
be withstood (as compression rather than shearing forces)
and exerted at the tip of the bill (see Grant and Grant 1989).
After all, the ability to exert strong biting forces with pointed
and opposing bill tips is why crosshills have crossed man-
dibles (see Benkman 1987a; Benkman and Lindholm 1991).

Conclusions

Many studies have explored the ecological and evolution-
ary consequences of shared resources and shared predators
(e.g., Taper and Case 1992; Holt and Lawton 1994; Wootton
1994; Denno et al. 1995; Menge 1995). These studies have
usually focused on the indirect effects resulting from short-
term changes in the abundance or distribution of prey (re-
sources) or predators. Although these studies are and will
continue to be critical to our understanding of ecological
communities, future studies will benefit from examining the
evolutionary significance of these interactions (Wootton
1994; McPeek 1996). For example, one predator species may
alter not only the abundance and distribution of its prey, but
also its evolution (e.g., McPeek et al. 1996). How, in turn,
this affects other predator or competitor species and their
interactions with their prey are rarely considered (but see
McPeek 1998). Here we showed that the presence and ab-
sence of a dominant preemptive competitor, Tamiasciurus,
determines the geographic selection mosaic and location of
coevolutionary hotspots and coldspots for its competitor the
red crosshill.

Interspecific interactions often vary geographically in out-
come (e.g., Thompson and Pellmyr 1992; Thompson 1997,
1999a; Berenbaum and Zangerl 1998). In at |east some cases
(e.g., Thompson and Pellmyr 1992) the variation in outcome
is the result of the presence and absence of other species.
Crossbhills, for example, coevolve with lodgepole pine in the
absence of Tamiasciurus, but not when they are present. We
suspect that dominant competitors often impede coevolu-
tionary arms races between subordinate competitors and the
shared prey. Given that competition is usually an asymmetric
interaction (Levins 1979; Connell 1983; Schoener 1983; Den-
no et al. 1995), variation between the geographic distributions
of competitors has the potential to have dramatic effects on
the geographic selection mosaics for many species.
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