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FOOD PROFITABILITY AND THE FORAGING
ECOLOGY OF CROSSBILLS!

CRAIG W. BENKMAN?
Department of Biological Sciences, State University of New York at Albany,
Albany, New York 12222 USA

Abstract. Observations over a two and a half year period in the Northeast United
States and adjacent Canada indicate that White-winged Crossbills (Loxia leucoptera) and
Red Crossbills (L. curvirostra) shift their diets among the seeds of various conifer species
in a seasonal pattern. Both crossbill species forage on white spruce (Picea glauca) in late
summer. White-winged Crossbills continue foraging on white spruce or tamarack (Larix
laricina) until late autumn or winter, when they switch to black spruce (P. mariana). Red
Crossbills switch to white pine (Pinus strobus) in early autumn and to red pine (P. resinosa)
or other pines in winter or spring.

This pattern of diet shifts is consistent with the hypothesis that crossbills forage to
maximize food intake rate. Profitability (milligrams of kernel ingested per second) was
measured for crossbills foraging on each of these conifers by observing rates of seed ingestion
in the field, and subsequently measuring dry seed kernel masses. Profitability for a given
conifer increases as cones and seeds mature, then declines as seeds are shed from the cones.
Because conifers differ in the timing of cone ripening, crossbills experience sequential peaks
in profitability. Both crossbill species usually foraged predominately on the most profitable
conifer species, with switches in conifer use coinciding with shifts in relative profitabilities.
However, crossbills often forage on more than one conifer species at a time, even though
intake rates might be maximized by foraging on only the most profitable conifer. Predation
does not appear to influence diet selection and large-scale patterns of conifer use. Crossbill
movements and patterns of abundance, both on local and continent-wide scales, are cor-
related with patterns of profitability.

Dietary overlap between crossbill species is greatest, often approaching 100%, in late
summer when seed is most abundant. Overlap then declines rapidly when white pine cones
open, and usually remains negligible most of the remainder of the year. Patterns of dietary
overlap are a result of differences in profitability for each crossbill species that are largely
inherent in the ripening phenology of conifer cones and seed accessibility, not seed depletion
by crossbills. Interspecific competition is most likely between White-winged Crossbills and
either the smallest form of the Red Crossbill or redpolls (Carduelis sp.) during the late
winter of “invasion” years, which occur every 3-4 yr. Intraspecific competition is also
likely to be most intense at these times.

Key words: conifers, crossbills; diet shifts; dietary overlap,; foraging ecology; habitat use; Loxia;
northeastern North America; Picea; Pinus; profitability; seeds.

INTRODUCTION

The rate at which food can be consumed, often termed
food ““profitability,” is central to habitat selection, pop-
ulation dynamics, and competitive interactions. Most
investigations addressing habitat selection and com-
petitive interactions have measured, at most, food
abundances, because profitability is difficult to mea-
sure. When food abundances have been measured, they
often are translated into measures of food availability
by making assumptions about abiotic factors, consum-
er morphology, or behavior (see Wiens 1984 for a re-
view). Studies that have measured actual profitability,

! Manuscript received 14 April 1986; revised 12 November
1986; accepted 20 November 1986.

2 Present address: Department of Biology, Princeton Uni-
versity, Princeton, New Jersey 08544 USA.

in terms of energy gained per unit time foraging, have
been successful in predicting and understanding habitat
use (Gill and Wolf 1975, Goss-Custard 1977, 1981,
Mittelbach 1981, Werner and Mittelbach 1981, Wer-
ner et al. 1983a). If measurements of profitability can
be made, optimal foraging theory provides a mecha-
nistic approach to studying diet selection, habitat use
(Pyke et al. 1977, Krebs 1978), and diet overlap be-
tween species (Wolf et al. 1972, Werner 1977, 1984,
Pulliam 1985).

Many researchers have suggested that the reduction
in dietary overlap between species during periods of
low food abundance is consistent with the occurrence
of interspecific competition (Svirdson 1949; reviewed
by Schoener 1982). However, simple measures of di-
etary contraction and overlap can have multiple in-
terpretations unless actual patterns of food profitability
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are measured. To date, patterns of food selection in
relation to seasonal variation in food profitability have
rarely been measured (Goss-Custard 1977, Schluter
19824, Pulliam 1986), though such measures are crit-
ical to evaluating processes underlying habitat use,
population dynamics, and the coexistence of species.

Determining the influence of food profitability on
habitat use is easiest for species whose diet normally
consists of foods differing little in nutrients, and for
which there are a limited number of food types. Cross-
bills (Loxia spp.) satisfy these specifications; they con-
sume little besides conifer seeds and these vary little
in energy value (Smith 1968, 1970, Grodzinski and
Sawicka-Kapusta 1970) or nutritive value (McKeever
1964, Jones and Earle 1966), and there are usually
fewer than five conifer species in any given habitat.
Furthermore, the movements of crossbills are thought
to occur because of changes in profitability between
the conifers most often used (Haapanen 1966, Newton
1970, 1972) and crossbill density has been found to be
correlated with the size of conifer cone crops (Reini-
kainen 1937, Haapanen 1966).

Newton (1972) has summarized the qualitative pat-
terns of conifer use for Red Crossbills (L. curvirostra)
in Europe by relating conifer use and movements to
patterns of conifer seed and cone ripening. Even though
the actual foraging efficiencies of crossbills foraging in
nature can be accurately measured, these measure-
ments have not previously been reported, nor have the
patterns of conifer use by crossbills in North America
been adequately described. In this paper I describe the
patterns of conifer seed profitability for both White-
winged Crossbills (L. leucoptera) and Red Crossbills
in northeastern North America and demonstrate how
their conifer use, abundances, and movements are cor-
related with actual seed profitability. I then discuss for
both crossbill species their patterns of conifer use,
abundance, movement, dietary overlap, and periods
of potential food limitation.

METHODS
Sites

Foraging data were gathered on crossbills from Sep-
tember 1982 to February 1985 in the coniferous forests
of the northeastern United States and adjacent Canada.
White-winged Crossbills were observed in the follow-
ing four areas: along Chemin la Brulee near Mare du
Saultin Laurentides Reserve, Quebec; Acadia National
Park, Maine; near Wenlock Crossing, Vermont; and
Algonquin Provincial Park, Ontario. Red Crossbills
were observed at the Algonquin and Acadia sites, and
on the Tongue Mountain Range, New York. Most ob-
servations of foraging crossbills were made along tran-
sects at the study sites. Conifer composition of the
primary study sites (Table 1) was determined by re-
cording, at 30-90 m intervals (depending on the tran-
sect length) along the transects, the species of the closest
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cone-bearing conifer in each of four quadrants. At Otter
Point-Blackwoods in Acadia National Park and Tongue
Mountain no transects were established, but 1 esti-
mated the frequency of each conifer species in the gen-
eral areas where I located crossbills. For more details
on these sites see Methods in Benkman (1985). Study
sites were visited for 1-6 d at approximately monthly
intervals when crossbills were present.

Conifer use and foraging rates

At all of the sites I walked or skiied along dirt roads
and trails, and, whenever crossbills were observed for-
aging, I recorded the time to the nearest minute, the
number of crossbills, and the conifer species on which
they were foraging. To provide a measure of the length
of time foraging, I recorded the time the crossbills flew
off or disappeared from view. When crossbills were too
distant to observe foraging rates, I continued along the
transect and the time the crossbills disappeared from
view was recorded. My estimate for the amount of time
spent foraging on each conifer species was made by
multiplying the number of foraging individuals in each
foraging flock by the number of minutes I observed
them foraging on a particular conifer species. These
products I call “bird-minutes.”” The total number of
bird-minutes crossbills foraged on each conifer was the
sum of the above products for each conifer species over
a single visit to the site. The proportion of time spent
foraging on a given conifer species is the number of
bird-minutes foraging on the species of conifer divided
by the total sum for all conifers.

If the crossbills were close enough to observe feeding
rates, I attempted to record the number of seeds in-
dividual crossbills consumed during timed intervals.
These intervals included time spent handling seeds and
extracting them from cones and travel time between
cones within trees. Travel time between trees was not
included because it represented little of the total for-
aging time. Crossbills made more time-consuming long
flights, but the relevance of these long flights to conifer
use is problematic. Crossbills were timed from when
they began foraging on a cone, or had just finished
consuming a seed, to when they discarded the cone.
When >10 seeds were obtained per cone I sometimes
terminated recording data for that cone. This would
not affect overall rates, because rate does not usually
vary as a function of the number of seeds consumed
from cones with >10 seeds (C. W. Benkman, personal
observation). When <35 seeds were consumed per cone
the timed interval often consisted of crossbills foraging
on >1 cone. These timed intervals, whether including
travel time or not, I term foraging bouts.

To account for travel time between cones within
trees, I measured either foraging rates while crossbills
foraged on more than one cone, including travel time
in the total foraging time, or I measured both intercone
travel time and the average amount of time spent for-
aging per cone. In the former case, feeding rate per
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TasBLE 1. Conifer composition and transect lengths at study sites.
. Tran-
Relative frequency of occurrence sect No.
White Black Red Tama- Balsam  White Red Jack length trees
Study site spruce  spruce  spruce rack fir pine pine pine (km) (n)
Laurentides Reserve
Transect 1 0.07 0.44 - 0.33 0.15 - - - 2.0 72
Transect 2 0.02 0.44 - 0.02 0.52 - - - 1.4 52
Acadia National Park
Wonderland - 0.76 0.11 0.0 0.07 + + - 0.5 92
Ship Harbor 0.38 0.20 0.29 0.11 0.02 0.01 - - 0.6 112
Otter Point 0.50 - 0.45 - 0.05 + - - - 0*
Blackwoods 0.05 - 0.60 - 0.05 0.30 + - - 0*
Wenlock Crossing + 0.62 0.33 0.02 0.04 + — - 1.2 52
Algonquin
Achray 1 0.58 0.25 - - 0.04 0.06 0.05 0.02 1.4 160
Achray 2 0.01 + - - + 0.84 0.14 0.01 1.1 111
Tongue Mountain - - 0.10 - - 0.55 0.35 - - 0*

+,— Plus indicates species was present within 30 m of transect, but not sampled during tree census; minus indicates species

not noted within 30 m of transect.

* The frequency of occurrence was estimated without censusing trees.

foraging bout was the number of seeds divided by time
foraging, and in the latter case foraging rate was the
average measured foraging rate multiplied by the av-
erage total time per cone divided by the sum of the
mean time per cone and mean travel time. I did not
measure travel time in all cases; thus I substituted the
most appropriate times obtained from other sites or
from different dates at the same site. All events were
timed to at least the nearest 1.0 s with a stopwatch.

Characteristic bill movements accompany seed
husking, which facilitates recording the number of seeds
consumed. Crossbills consume only the seed kernel (cf.
Gabrielson and Lincoln 1959) and the seed coat or
empty seeds could often be seen when they were dis-
carded. Before I began field work I had observed cap-
tive Red Crossbills remove >5000 seeds from cones
of six species of conifer; I thus was able to distinguish
crossbills handling full seeds (i.e., seeds with a seed
kernel) from those handling empty seeds. Given suf-
ficient light and proximity to foraging crossbills, ac-
curate measurement of seed intake rates can be made.
I used 10 X 50 binoculars and a 15-60x telescope,
usually set at 20-30 X, to observe crossbills. Nearly all
timed foraging observations were made using a tele-
scope.

Because foraging crossbills were often difficult to lo-
cate, I usually recorded foraging behavior for as long
as possible, unless I was conducting a census. During
censuses I recorded foraging crossbills for <10 min,
then continued the census. I attempted to measure for-
aging rates for as many individuals as possible. For-
aging observations occasionally lasted up to an hour,
and during this time usually >20 foraging bouts were
recorded, encompassing many individuals on many
trees. In most cases, data obtained on a given individ-

ual or on individuals foraging on a given tree comprised
less than one-fourth of the total sample at a given site
during a visit.

Censuses

I conducted censuses by walking (or skiing) slowly
along a transect and recording all crossbills heard or
seen. Censuses were usually completed before 1200.
Crossbill abundance is given as the number of cross-
bills heard or seen per minute while I walked the tran-
sect.

Kernel mass and seed abundance

Conifer cones were gathered in the field to obtain
samples for seed kernel masses. The cones were brought
back to Albany, New York and stored for up to 3 mo
at 2°C prior to removing seeds from the cones. Kernels
(female gametophyte and embryo) were separated from
the seed coats and immediately placed in a drying oven
(60°-65°) for 3-8 d. The kernels were then weighed to
the nearest 0.1-0.01 mg. Kernel sample sizes were usu-
ally 10 seeds from each of three trees per site. If kernel
masses were not obtained from a given site, kernel
masses of the appropriate species from the nearest site,
or the average of the two closest sites, were substituted
to compute intake rate. Intake rate (profitability) is
defined as the dry mass of seed kernel consumed per
second. Cones were also gathered to determine the
number of full seeds per cone. The numbers of cones
and trees sampled are presented whenever the number
of seeds per cone is given.

Red Crossbill taxonomy

There is presently some confusion surrounding the
taxonomy of Red Crossbills in North America (cf.



254 CRAIG W. BENKMAN Ecological Monographs

Vol. 57, No. 3
a b
1.0 393 S97 1667 1142 BLACK 1150 917 294 376 110 393 S$S520 3934 758 84
- —SPRUCE E
2 ~BALSAM FIR
& —TAMARACK
-
3
0 0
- 1.0
£ %
£ \\\'muncx
- N 179 yAMARACK
- N3 16 T~ 89
& ""‘}* / e
w 0.5 Y / AN
= ~o. 82 6o 58 ,I \
= \ BLACK
z / s SPRUCE
BLACK SPRUCE /
] /
E . 4 20/
W . =
= $ 0 N D J F M A M ] A S D J F
1982 1983 1984 1985

FiG. 1. The kernel intake rates (X = sg) and proportion of time spent foraging on each conifer for White-winged Crossbills
in 1982-1983 and in 1984-1985 at Laurentides Reserve, Quebec. (-« - ) shows estimated decline in intake rates, based on
number of seeds per cone, after the last field records were taken. Sample size for foraging time is number of ‘“‘bird-minutes”
and sample size for intake rates is the number of foraging bouts (see Methods: Conifer Use and Foraging Rates).

1376 1722 22 2811 939 1698145 1070
w 1.0
(72
= BLACK SPRUCE~-
[- 4
Y
E WHITE SPRUCE=
=]
(¥} 0 7"
1.57 56
- ]
N
0 4
E
w
1.0
<
= J
w 4
<
; .
- 1 WHITE SPRUCE
B 8 ~
dos| 1.
1 kg
x ; 40N
BLACK SPRUCE—
— ) 4
S (] N J A S (] N D J F
1983 1984 1985

FiG. 2. The kernel intake rates (X + sg) and proportion of time White-winged Crossbills spent foraging on white and
black spruce at Wonderland-Ship Harbor in the autumn of 1983 and from July 1984 to February 1985. Tamarack was also
foraged on along the Wonderland transect, but it is much less common (Table 1), so it is not included. Sample sizes and
dotted line as in Fig. 1.



September 1987

Griscom 1937, Monson and Phillips 1981, Groth 1984,
R. Payne, personal communication). Monson and Phil-
lips (1981) recognize four size classes in North Amer-
ica; I observed the three smallest size classes. Roughly
following Monson and Phillips (1981), I will refer to
the smallest size class as “‘sitkensis” (L. ¢c. minor =
sitkensis), the next larger size class as the medium size
class (L. c. neogaea), and the next-to-largest size class
as the large size class (L. c. bendirei). These three small-
est size classes can be distinguished both by bill and
body sizes (Monson and Phillips 1981). J. G. Groth
(1984 and personal communication) has found a cor-
relation between call notes and size, but it is not certain
if these data support the size class divisions of Monson
and Phillips (1981). I recognized the size classes by a
combination of close observation, using a telescope,
and by call notes. During the winter I was often able
to compare Red Crossbills and White-winged Cross-
bills closely when both species went to the roads for
salt and grit. The smallest size class of Red Crossbill
is distinctly smaller than the White-winged Crossbill
and the largest size class is considerably larger (see
Griscom 1941). The largest size class I encountered
has a distinctive call note (C. W. Benkman, personal
observation) and was the most commonly observed size
class. When more than one size class occurs in a given
area, each size class appears usually to flock separately
(C. W. Benkman, personal observation; J. Groth, per-
sonal communication). When 1 was not in the field I
observed individuals of the large size class (L. c¢. ben-
direi; R. Dickerman, personal communication) daily
for nearly 3 yr in captivity, and for the 1st yr one
medium size class individual (L. ¢. neogaea; R. Dick-
erman, personal communication) was captive with
them. After the winter of 1982-1983 I sent tape re-
cordings of the call notes of Red Crossbills observed
in the field to J. Groth to confirm call types. In the
winter, especially 1984-1985, over 50 road-killed Red
Crossbills from the study areas were examined. At all
sites where Red Crossbills were observed, either spec-
imens were examined or recordings were made or both.

REsuLTS

Profitability and conifer use by
White-winged Crossbills

Patterns of profitability were influenced most by cone
ripening phenology. Intake rate on tamarack (Larix
laricina) and white spruce (Picea glauca) increased from
July to August and September (Figs. 1b, 2, and 3) as
seed size increased to maturity and as cones began
opening, then declined as seeds were shed from the
cones (Figs. la, 1b, 2, and 3). Fig. 4 presents seed fall
data from the literature. Tamarack and white spruce
shed most of their seed between mid-September and
early November. After cones opened, time per seed
increased as the number of seeds per tamarack cone
decreased (Fig. 5). This relationship was general for
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FiG. 3. The kernel intake rates (X + SE) and proportion
of time White-winged Crossbills spent foraging on each co-
nifer at Otter Point-Blackwoods from August 1984 to Feb-
ruary 1985. The mid-October intake rate data for red spruce
were gathered near the Wonderland transect. Sample sizes as
in Fig. 1.

crossbills foraging on open cones of all conifers (see
Benkman 1987).

As on tamarack and white spruce, intake rates on
black spruce (P. mariana) were highest when cones
were open and before many seeds had been shed (see
Benkman 1987). In Laurentides, there was a small in-
crease in intake rates during November due to some
cones opening, but the largest increase occurred from
March to May (Fig. 1a) when most black spruce cones
opened (Fig. 4). At Wonderland-Ship Harbor (WSH),
however, most black spruce cones opened in October
(see Fig. 2).

Crossbills preferentially forage on the conifer species
yielding the highest intake rate and changes in diet
correspond to maximizing intake rate (Figs. 1, 2, and
3). During each of two years (1982-1983, 1984-1985)
at Laurentides, White-winged Crossbills foraged main-
ly on tamarack when the intake rate on tamarack was
highest and switched in winter to forage mostly on
black spruce when the intake rate on tamarack fell
below that on black spruce. At WSH, White-winged
Crossbills exhibited similar shifts in intake rate and
conifer selection as at Laurentides (Fig. 2), but at WSH
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1954), white spruce (Roe 1946, Waldron 1965), and black
spruce (Fowells 1965), based on seed trap data.

tamarack is much rarer (Table 1) and white spruce
replaces tamarack in the White-winged Crossbill’s diet.
Data from Otter Point-Blackwoods (OPB), 15 km to
the east of WSH, also indicate that White-winged
Crossbills preferentially forage on the conifers with the
highest profitabilities (Fig. 3). Black spruce is absent
from OPB (Table 1) and there it is replaced in the diet
by red spruce (P. rubens). Between August 1984 and
early January 1985 White-winged Crossbills near Ach-
ray in Algonquin Provincial Park (hereafter Algonquin)
foraged most efficiently on white spruce, and during
my five visits to the site in 1984 they spent >80% of
their time foraging on white spruce. However, in late
February 1985, White-winged Crossbills foraged 61%
of their time on black spruce, even though white spruce
was more profitable. In February 1983, White-winged
Crossbills at Achray had higher intake rates on white
spruce than in February 1985, and in 1983 White-
winged Crossbills foraged nearly 100% on white spruce,
virtually ignoring black spruce.

Intake rates on tamarack and white spruce would
have continued to decline after the last dates for which
there are intake rate data, because the number of seeds
per cone continued to decline. The dotted lines in Figs.
1 and 2 connect the last recorded intake rates to those
estimated based on the number of seeds per cone (see
Fig. 5). In March 1983 at Laurentides, there were on
average 0.4 seeds per tamarack cone (SE = 0.08, n =
95 cones, 10 trees), and in February 1985 there were
on average 0.1 seeds per cone (SE = 0.05, n = 50 cones,
5 trees). On 18-19 October 1983 at WSH, the mean
number of seeds per white spruce cone was 2.0 (SE =
0.47, n = 38 cones, 5 trees). The estimated intake rate
at WSH on 19 February 1985 was based on a mean of
2.3 seeds per cone (SE = 1.69, n = 32 cones, 3 trees).
These seed densities were below that for which nearly
all intake rate data were gathered. It is tenuous, there-
fore, to extrapolate with much precision the mean in-
take rates for these seed densities. Nevertheless, the

Fig. 5. The average times required for foraging White-
winged Crossbills to obtain and handle (®) tamarack and (A)
white spruce seed, in relation to the mean seed density. Sam-
ple sizes for time per seed range from 16 to 179 bouts and
81 to 1310 seeds, respectively. The mean number of seeds
per cone is usually based on samples of 10 cones from each
of 5 trees. The mean handling time (short horizontal line), to
which total time per seed declines asymptotically, is that for
tamarack seeds (SE = 0.12, n = 16 seeds); it is on average
slightly greater than that for white spruce seeds (Benkman
1987). The line was fitted by eye. When both time per seed
(Y) and number of seeds per cone (X) are converted to their
natural logarithms, there is a negative and significant relation
(Y =12.04 — 048X, r = —0.92, P < .01). Considering only
tamarack yields a similar relationship (Y = 2.05 — 0.51X,
r=-0.93, P < .01).

profitabilities of tamarack at Laurentides were un-
doubtedly less than that for black spruce. However,
the estimates for WSH cannot be used to corroborate
a switch in diet coinciding with a shift in relative prof-
itabilities, but neither are they necessarily inconsistent
with this prediction.

Patterns of White-winged Crossbill
abundance

There were three periods of change in White-winged
Crossbill abundance that coincided with shifts in co-
nifer use and seed fall. The first period occurred in late
October and November, which coincided with seed fall
of tamarack and white spruce (Fig. 4). When profit-
abilities were high, White-winged Crossbills remained
in the habitat (Fig. 6; see Fig. 1a) and often there were
influxes of crossbills as at Achray (Fig. 7). On the six
occasions when profitabilities were >0.4 mg/s in late
October and November, White-winged Crossbills re-
mained through winter at the site. On the two occasions
when profitabilities were <0.40 mg/s, White-winged
Crossbills emigrated. Most of the White-winged Cross-
bills apparently emigrated from Laurentides in late au-
tumn 1984, because neither tamarack nor black spruce
seed abundances and profitabilities were sufficient to
support many crossbills through winter. For White-
winged Crossbills to survive in January in Laurentides,
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respectively. Between May 1983 and mid-July 1984 no censuses were made, but during this period White-winged Crossbills
were rare in the Park (Algonquin Provincial Park records). Note nonlinear scale of ordinate. Sample sizes are the number of

censuses conducted.

I estimate that a male must have at least an average
intake rate of 0.21 mg/s while foraging (see Benkman
1985 for calculations and assumptions), which would
result if there is an average of one seed per tamarack
cone (see Fig. 4). On 20 February 1985, there was only
a mean of 0.14 seeds per tamarack cone, which would
not have been sufficient to support crossbills (Fig. 1b).
On this same day, White-winged Crossbills had a mean
intake rate of 0.21 mg/s when foraging on black spruce
(I estimate that male White-winged Crossbills require
an intake rate of at least 0.17 mg/s to survive in Feb-
ruary). To maintain an intake rate this high through
winter on black spruce, White-winged Crossbills prob-

ably must occur in low densities and forage selectively
on partly open cones.

Crossbills were responsible for some of the reduction
in the number of seeds per cone. For example, the more
rapid decline in the proportion of seeds remaining in
cones in 1984 compared with the decline in 1982 at
Laurentides (Fig. 8) was due, in part, to both higher
White-winged Crossbill densities (Fig. 6) and a lower
initial number of seeds per cone in 1984 (X = 11.5
seeds per cone, SE = 0.62, n = 50 cones, 5 trees) than
in 1982 (X = 19.2 seeds per cone, SE = 0.69, n = 38
cones, > 8 trees).

The second period when White-winged Crossbills
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Fic. 8. This figure shows both the timing of seed fall for
tamarack (—) as presented in Fig. 4 and the actual measured
proportional decline in the number of seeds per tamarack
cone (——-) at Laurentides Reserve in 1982-1983 and 1984-
1985. The difference between the seed density curves and the
seed fall curve is an estimate of the proportion of seeds that
do not fall to the ground (as measured by seed traps) and are
consumed mainly by White-winged Crossbills.

frequently shifted habitats was in late February and
March. This shift coincided with the decline in prof-
itability of tamarack and white spruce and the switch
from foraging on tamarack and white spruce to black
spruce. White-winged Crossbills emigrated from Ach-
ray in March 1983 when the average number of seeds
per white spruce cone declined from 9.4 on 1 February
to 0.5 on 25 March (S = 1.54, n = 17 cones, 1 tree,
and s = 0.21, n = 51 cones, 5 trees, respectively).
Similarly, in late February and March 1985 White-
winged Crossbills emigrated from Achray (Fig. 7) and
the rest of Algonquin when intake rates declined from
a mean of 0.46 mg/s on 21-22 January to 0.29 mg/s
on 22-25 February (s = 0.04, n = 46 foraging bouts,
and sE = 0.07, n = 12 foraging bouts, respectively).
Between 13 and 19 March large numbers of White-
winged Crossbills were observed moving west past the
Long Point Bird Observatory on Lake Erie, Ontario,
~420 km southwest of Achray (Weir 1985¢). The switch
in conifer use in Laurentides (Fig. 1a) caused a decline
in White-winged Crossbill abundance along transect 1
(Fig. 6) where tamarack was common (Table 1).

The third period of movement by White-winged
Crossbills coincided with the switch from foraging on
open black spruce cones to foraging on developing ta-
marack and white spruce cones in June and July. Im-
migration into habitats containing large developing ta-
marack and white spruce cone crops often occurred at
this time, such as in Laurentides in 1984; White-winged
Crossbills were absent from Laurentides on 29 June
1984 (R. Ouellet, personal communication), then by 6
July hundreds had arrived (Fig. 6) and foraged on the
abundant developing tamarack cone crop. In both 1983
and 1984, White-winged Crossbills arrived in Acadia
in mid to late June (W. Townsend, personal commu-
nication). In 1984, White-winged Crossbills were first
noted in Algonquin on 17 July (R. Tozer, personal
communication). In July 1984, White-winged Cross-
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F1G. 9. The intake rates (X =+ sg) and proportion of time
spent foraging on each conifer by Red Crossbills at Otter
Point-Blackwoods in 1984. Sample sizes as in Fig. 1. See
Results: Profitability and Conifer Use by Red Crossbills for
further explanation.

bills at WSH foraged for seed in black spruce cones
that had opened in the autumn of 1983 and on devel-
oping white spruce cones (see Fig. 2). White-winged
Crossbills emigrated from Laurentides in mid-May to
June 1983 (Fig. 6) because there was a virtual absence
of developing tamarack cones.

Algonquin Provincial Park records, kept since 1960,
indicate that the temporal pattern of White-winged
Crossbill residency in 1982-1983 was repeated in 1964—
1965 and 1974-1975, and the pattern found in 1984—
1985 occurred in 1960-1961 and 1978-1979.

Profitability and conifer use by
Red Crossbills

Red Crossbills at OPB and Achray foraged most
frequently on the conifers yielding the highest intake
rates (Figs. 9 and 10). At OPB, Red Crossbills (mostly
medium size class) switched from foraging on white
spruce to white pine (Pinus strobus) when profitabilities
shifted, but the crossbills continued to include red spruce
in their diet even though it provided lower profitabil-
ities (Fig. 9). As at OPB, Red Crossbills (mostly large
size class) at Achray (Fig. 10) switched from foraging
on white spruce to white pine in autumn, coinciding
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FiG. 10. The intake rates (X + sg) and proportion of time spent foraging on each conifer by Red Crossbills near Achray.
Sample sizes as in Fig. 1. See Results: Profitability and Conifer Use by Red Crossbills for further explanation.

with the opening of the white pine cones between mid-
September and mid-October. When white pine cones
are closed, Red Crossbills have intake rates of ~0.4
mg/s (Benkman 1987), which is less than their intake
rate on white spruce, but intake rates increase rapidly
as white pine cones open. White spruce cones opened
in early September and intake rates would have de-
clined as seeds were shed (see Fig. 3; note decline of
intake rate for White-winged Crossbills foraging on
white spruce at OPB after Red Crossbills switched to
white pine). Thus, the shift in use from white spruce
to white pine occurred when intake rates were declining
on white spruce and increasing on white pine and co-
incided with a change in relative profitabilities.

Red Crossbills shifted foraging from white pine to
red pine (P. resinosa) at Achray when white pine seed
profitability declined substantially (Fig. 10). In 1982-
1983 the white pine cone crop was heavier than in
1984-1985, which resulted in higher intake rates on
white pine and a lack of a dietary shift to red pine as
in 1985. On Tongue Mountain in 1983-1984, Red
Crossbills (large size class) foraged on white pine in
late November, then by January switched to red pine
(C. W. Benkman, personal observation). Apparently,

the white pine seed crop was even poorer than at Ach-
ray in either 1982-1983 or 1984-1985, because on 28
January 1984 Red Crossbills were only observed to
forage on red pine and they had a mean intake rate of
0.50 mg/s (se = 0.102, n = 14 bouts); compare to Fig.
10. Intake rates on red pine cones were usually <0.7
mg/s. At both Achray and Tongue Mountain there were
many red pine to forage on, but there were few at OPB
(Table 1). Thus, when white pine seed profitability de-
clined between November and February, Red Cross-
bills switched to red pine at Achray and Tongue Moun-
tain, but they emigrated at OPB.

Algonquin records indicate that Red Crossbills were
present near Achray by early July in both 1982 and
1984 and that Red Crossbill abundance and residency
patterns in 1960-1961 and 1972-1973 were similar to
those found in 1984-1985.

Seeds are much more accessible in open white pine
cones than in open red pine cones (Benkman 1985),
but white pine cones shed their seeds more rapidly after
their cones begin to open in autumn than does red pine
(Fig. 11). By late winter or early spring red pine holds
a higher proportion of its seeds in its cones than does
white pine. Thus, even though a given red pine seed
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Fic. 11. The periods of seed fall for white pine (Graber
1971) and red pine (Sims and Campbell 1970) based on seed
trap data. Cones of both pines begin opening in autumn, but
red pine cones open more gradually and seed is released over
a more extended period.

is smaller and less accessible than a white pine seed,
the greater number of seeds per red pine cone can make
red pine more profitable for Red Crossbills. In late
summer, when white and red pine cones are closed,
their seeds are much less accessible than the seeds of
the much smaller white and red spruce cones (Benk-
man 1987); at this time crossbills forage on spruce.

Differences in body and bill sizes of Red Crossbills
may further contribute to variation in the observed
patterns of conifer use and seed profitability between
sites. The Red Crossbills at OPB were smaller (medium
size class) than those at Achray (large size class) and
medium sized Red Crossbills may be slightly less ef-
ficient on white pine. They did appear to take longer
to handle the large white pine seeds than the large-
billed Red Crossbills at Achray, but this was not quan-
tified. In the laboratory, however, the mean seed han-
dling time of white pine seeds was 1.35 X as great for
an individual of the medium size class as that for the
mean for five large sized individuals (t = 4.32, df =
170, P < .005). The even smaller White-winged Cross-
bill required 3.3 x as long to handle white pine seeds
as the large sized Red Crossbills (Benkman 1987).

In sum, the most profitable conifer was foraged on
>90% of the time on 22 of 35 occasions (63%) for
White-winged Crossbills and on 7 of 13 occasions (54%)
for Red Crossbills. For 83 and 85% of the samples
White-winged and Red Crossbills, respectively, for-
aged on the most profitable conifer >60% of the time.

DiscussioN
Patterns of conifer seed profitability

Profitability contributes significantly to patterns of
crossbill conifer use, and patterns of profitability de-
termine, in large part, local habitat use and movement.
Conifer seed profitability depends on cone structure,
timing of cone opening and seed release, and, of course,
seed mass. Profitability usually peaks as cones open
(see Newton 1967, 1972, Nethersole-Thompson 1975),
when both seed accessibility and the number of seeds
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per cone are high (Benkman 1987). Crossbills show
consistent switches in conifer use because of regular
differences in patterns of profitability between conifer
species. However, due to differences in crossbill bill
morphology, which influence foraging efficiency (Benk-
man 1987), White-winged Crossbills differ from Red
Crossbills in conifer use.

Conifer use is variable between years and locations
because profitability, for a given conifer, varies tem-
porally and spatially. After cones open, profitability
decreases as the number of seeds per cone diminishes.
The rate at which profitability declines varies with the
initial number of seeds per cone and weather condi-
tions. Higher initial numbers of seeds per cone usually
result in profitabilities that remain higher for longer
periods of time after cones open. Because seeds per
cone and cone abundance are positively correlated
(Smith and Balda 1979), large cone crops usually cor-
respond to extended periods of high profitability. This,
for example, may explain the variable timing of White-
winged Crossbills switching from tamarack and white
spruce to black spruce and of Red Crossbills switching
from white pine to red pine. Autumn weather condi-
tions can also influence seed fall; cool moist weather
can delay white pine seed fall several weeks (Graber
1971) and red pine seed fall several months (Cayford
1964). Since both climatic and growing conditions vary
geographically, patterns of profitability may differ within
a given conifer species from region to region. Variation
between areas in profitability is further amplified by
geographic variation in both cone opening patterns (e.g.,
black spruce [this study], pitch pine [P. rigida; Givnish
1981]) and seed mass (C. W. Benkman, personal ob-
servation; Sorensen and Miles 1978).

Different areas have different conifer compositions
that further influence a habitat’s pattern of profitability.
In general, from mid or late summer to the following
spring, crossbills forage on cones with progressively
less accessible seed. This pattern occurs because
“tougher” cones usually hold their seed longer; if seed
is held for extended periods, more seed defenses are
required to deter vertebrate seed predators (e.g., Smith
1970, Benkman et al. 1984). The fewer conifer species
present, the shorter the time period during which prof-
itability is likely to be sufficient to support crossbills.
Whether crossbills occupy a habitat for extended pe-
riods depends on both the number and composition
of conifer species present and the synchrony of cone
crops in a habitat.

In a given area large cone crops are usually syn-
chronous within either (1) pines or (2) spruces, tama-
rack, and hemlock (7suga), but less frequently between
these two groups (Smith and Balda 1979). This differ-
ence between the cone production of these two groups
apparently occurs because they differ in the time period
between cone bud formation and seed maturation: 2
yr for pines, 1 yr for spruce, tamarack, and hemlock.
Thus, for each crossbill species, a given habitat is more
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likely to be either good for extended periods during
bumper cone crops or very poor during periods of cone
failure.

Both the magnitude of and variation in abundance
of crossbills is likely influenced by the distribution and
diversity of conifers (also see Bock and Bock 1974,
Bock 1982). The geographic distribution of crossbills
(Newton 1972) coincides with that of conifers in the
Pinaceae, except in the southeastern United States out-
side of the Appalachian Mountains and in China (see
Critchfield and Little 1966). Habitats in these two areas
either contain only a single species of conifer (Pinus
massoniana in China; Critchfield and Little 1966) or
one to three species of pines with similar seed-shedding
phenologies (C. W. Benkman, personal observation). In
either case it is doubtful if there is sufficient seed to
support crossbills for extended periods within a year
or between years.

The timing of switches between conifers

Mittelbach (1981) found that bluegill sunfish (Le-
pomis macrochirus) switched from vegetated to open
habitats as the relative profitabilities shifted between
these habitats. Time lags on the order of 2 wk were
found between the shift in relative profitabilities and
the actual switch by the sunfish. The lag in switching
by bluegills was attributed to learning or experience in
the “new”” habitats (also see Werner et al. 1981). Learn-
ing effects in crossbills, given the extent of sampling
observed, would not result in much of a lag for several
reasons. First, crossbill foraging efficiency rapidly
reaches an asymptote after foraging on <20 cones of
a given conifer species (C. W. Benkman, personal ob-
servation). Second, conifer use is influenced by the
combined assessment of many members in feeding
flocks (C. W. Benkman, personal observation), which
probably increases the accuracy of assessment of co-
nifer profitability (see Krebs et al. 1972). Third, cross-
bills often switch conifer types within a habitat and
they regularly cover long distances during a day.

The intervals between which I gathered data were
usually greater than a month. This precludes a detailed
evaluation of the actual extent to which crossbills track
variation in profitability among conifer species. In those
cases where the intervals were a month or less (Figs.
2, 3, 9, and 10) crossbills switched conifer use in a
manner consistent with maximizing energy intake.

Predation and habitat use

Predation pressure on crossbills could also affect co-
nifer use by crossbills. Recent work on bluegill sunfish
has demonstrated the importance of predation risk on
habitat selection (Werner et al. 1983b). Crossbills often
forage in exposed positions on the outer limbs of co-
Rifers where predation risks could be high. Avian pred-
ators of crossbills include Sharp-shinned Hawk (A4c-
cipiter striatus), Northern Merlin (Falco columbarius),
Peregrine Falcon (F. peregrinus), and Northern Shrike
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(Lanius excubitor) (Austin 1968, Cade et al. 1968, C.
W. Benkman, personal observation).

Different conifers provide crossbills with refuge from
predators to various degrees. Crossbills are more vis-
ible in tamarack, especially in winter after its needles
are shed, and may be less concealed from predators
when foraging on this species. However, there is no
consistent trend of White-winged Crossbills foraging
on tamarack less than predicted from intake rates mea-
sured after needle loss than before needle loss (Fig. 1).

Conifer use by White-winged Crossbills

The annual cycle of the White-winged Crossbill is
tied to patterns of profitability. In late June and July,
the cones of all conifers are developing, with seed in
cones of tamarack and white spruce being the most
accessible. Large cone crops of these two species of
conifers, and possibly red spruce in the southern part
of the White-winged Crossbill’s range, are searched for
in summer. Seed in cones of the other conifer species
are less accessible (e.g., black spruce and pines; Benk-
man 1987). White-winged Crossbills cannot remove
seeds from developing black spruce cones, but in July
seeds often still remain in cones from the previous year.
White-winged Crossbills frequently arrive in a given
area in June and July (C. W. Benkman, personal ob-
servation; A. Erskine, personal communication). For
example, in 1984, White-winged Crossbills began ar-
riving in areas of large tamarack or white spruce cone
crops from mid to late June (Acadia National Park,
northern New Brunswick, and Laurentides) to mid to
late July (Algonquin and Adirondack Mountains, New
York).

By early November, seed fall of most tamarack and
white spruce is complete (Fig. 4), and at this time White-
winged Crossbills may depart. This decision appears
to be based, in part, on their intake rate. On the two
occasions in October and November when White-
winged Crossbill intake rates were <0.40 mg/s they
dispersed, but on the six other occasions when they
had intake rates >0.40 mg/s they remained resident.

White-winged Crossbills often switch to forage on
black spruce between October and late winter. Black
spruce cones open later in the year than white spruce,
red spruce, or tamarack (Fowells 1965; C. W. Benk-
man, personal observation), and seeds are often avail-
able in black spruce through the following summer
(Chai and Hansen 1952; this study). From late winter
to spring, black spruce cones open in Quebec and pos-
sibly throughout much of the northern boreal forests
of Canada (Vincent 1965). This provides a seed source
for White-winged Crossbills when the other conifers
usually taken have lost most of their seed. When tam-
arack or white spruce holds a lot of seed, White-winged
Crossbills do not switch as eafly to black spruce (also
see Sealy et al. 1980). However, by March both ta-
marack and white spruce (and red spruce) usually have
lost most of their seed and White-winged Crossbills
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rely on black spruce. The emigration from areas of
black spruce in late spring does not appear to be based
as much on intake rates as on the presence or absence
of developing tamarack or white spruce cone crops;
intake rates in mid-May 1983 on black spruce in Lau-
rentides were sufficient for adults to support fledglings
(see Fig. 1a), yet from mid-May to June crossbills em-
igrated. By summer, black spruce sheds most of its
seed. The early summer movements of European Red
Crossbills also coincide with diet shifts (Haapanen 1966,
Newton 1970, 1972).

Large-scale movements are probably linked to pat-
terns of profitability. Irruptions of White-winged
Crossbills into areas south of their normal range usually
occur in late October and November (Roberts 1936,
Bagg and Eliot 1937, Griscom 1937, Stewart and Rob-
bins 1958, Baird 1964, Austin 1968, Bull 1974, Kane
1982, Eckert 1983), which coincides with tamarack and
white spruce seed fall. This was also the period when
White-winged Crossbills left Acadia in 1983 and Lau-
rentides in 1984 and large movements were noted at
Wenlock Crossing (C. W. Benkman, personal obser-
vation) and Algonquin. During morning counts on 18
to 22 November 1984 on Manitoulin Island in Lake
Huron, the number of migrating White-winged Cross-
bills ranged from 500 to 10000 (Weir 1985a). Also,
irruptions of other boreal seed-eating birds, such as
Boreal Chickadees (Parus hudsonicus; Yunick 1984),
often are first noted in late October and November.
Eastern hemlock (7. canadensis) frequently holds seed
well into winter, and White-winged Crossbills often
forage on hemlock during winter in invasion years (e.g.,
Bagg and Eliot 1937, Griscom 1937, 1941, Palmer
1949, Stone 1949, Kane 1982). White-winged Cross-
bills usually leave invasion areas from late February
to April (Allen 1864 quoted in Bagg and Eliot 1937,
Roberts 1936, Stewart and Robbins 1958, Austin 1968,
Bull 1974, Kane 1982, Eckert 1983), which coincides
with the opening of black spruce in the boreal forests.
How long White-winged Crossbills linger in invasion
areas and the timing of irruptions, however, probably
depends on local profitabilities (Svardson 1957).

Conifer use by Red Crossbills

For at least two reasons, Red Crossbills have a more
complicated pattern of conifer use than do White-
winged Crossbills: (1) Red Crossbills have more pow-
erful bills than White-winged Crossbills, which enable
them to utilize efficiently more species of conifers over
a wider range of cone stages (see Benkman 1987); (2)
There are at least three size classes of Red Crossbill in
eastern North America that differ in bill morphology,
which at times cause the different size classes to have
different foraging efficiencies and conifer use patterns.

In late summer, Red Crossbills, like White-winged
Crossbills, breed while foraging on white spruce. But
the large size class is much more efficient on pine than
are White-winged Crossbills (see Benkman 1987); thus,
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when white pine cones begin opening in September
and October, Red Crossbills switch to foraging on white
pine. If red pine is present, they may subsequently
switch to it when its profitability becomes greater than
that for white pine. White or red pine is often used into
spring. If white and red pine seeds are no longer suf-
ficient to support Red Crossbills, they may emigrate
as early as November (e.g., Red Crossbills at High-
lands, North Carolina in 1983; D. McNair, personal
communication). White pine seed is important for
crossbills throughout much of the East (Southeastern
states: Murray 1971, LeGrand and Hamel 1980; New
York and Maine: this study; Ontario: Lawrence 1949,
Ross and Ross 1950, this study).

From winter to late spring and summer, seed from
a variety of conifers may be consumed. Pitch pine
cones open, most often after fire (Fowells 1965), in late
autumn or in early spring (C. W. Benkman, personal
observation). In some areas in the East, pitch pine and
Virginia pine (P. virginiana) seed can be an important
winter and spring seed source (November to April for
Virginia pine; Patuxent stomach card file; also see Bagg
and Eliot 1937, Hall 1983, Leck 1984). Jack pine (P.
banksiana) cones often open in late spring (C. W. Benk-
man, personal observation), or after fire (Fowells 1965).
Red Crossbills utilize jack pine seeds during summer
(H. Ouellet, personal communication) and probably
often forage for seed in opening jack pine cones. During
May and June, Red Crossbills can forage on staminate
cones until profitability increases for developing cones
(pistillate).

Most of the above discussion pertains to the large
size class of the Red Crossbill that occurs in the North-
east and probably also to the medium size class. The
medium size class, however, may rely more on spruce
and hemlock than the large size class. In the western
mountains, Jollie (1953) reported that Red Crossbills
of the large size class occurred most commonly while
breeding in areas of ponderosa pine (P. ponderosa),
whereas Red Crossbills that had wing measurements
similar to the medium size class resided during breed-
ing in forests consisting of the Douglas-fir (Pseudotsuga
menziesii), lodgepole pine (P. contorta), and western
white pine (P. monticola) three conifers whose cones
have thinner scales than those of ponderosa pine.

The North American Red Crossbill that has the
smallest bill, “sitkensis,” also occurs in the Northeast
(Griscom 1937, Bull 1974; C. W. Benkman, personal
observation) and it appears to forage mainly on eastern
hemlock. “Sitkensis” foraged on hemlock from De-
cember to the end of February along the Highway 60
Corridor on the west side of Algonquin Provincial Park
(C. W. Benkman, personal observation; >20 road kills).
On this side of the Park hemlock is very abundant;
white pine is also common, but it had a poor cone
crop. On the east side of the Park, at Achray, the pine
cone crop was good and the large size class of Red
Crossbill was common. In the southern Adirondacks
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of New York, “sitkensis” bred while foraging on hem-
lock in January and February 1985 (C. W. Benkman,
personal observation; >50 road kills) and remained
until late March (R. Yunick, personal communication).
Eastern hemlock is abundant in the Huron Mountains
of Michigan and “‘sitkensis” is relatively common there
(R. Payne, personal communication).

Spatial scale of movements

On what spatial scale do White-winged Crossbills
move? The emigration of White-winged Crossbills from
Laurentides in October and November 1984 coincided
with increases 550 km to the southwest at Algonquin
and 340 km to the south in northern Vermont (also
see Weir 19855b), but it is not known whether these
were the same individuals.

Some temporal changes in White-winged Crossbill
abundances may have resulted from continent-wide
movements. In the spring of 1983 White-winged
Crossbills emigrated from both Laurentides and Al-
gonquin and were largely absent from eastern and most
of western North America until the summer of 1984
(National Audubon Society 1984). The one exception
to the general absence of White-winged Crossbills in
the East was along the coast of northern Maine and in
Newfoundland; during late summer and autumn there
were small numbers along the coast of Maine and in
the winter of 1983-1984 White-winged Crossbills were
common in Newfoundland where there was a large
spruce cone crop (Forster 1984, Heil 1984). During
this same period White-winged Crossbills were ex-
tremely numerous in the Yukon and central Alaska.
In the Yukon there was a ““cone crop of the century”
and White-winged Crossbills were abundant between
autumn 1983 and spring 1984 (Griinberg 1984, 1985).
In central Alaska there was a large white spruce cone
crop (Gibson 1984b) and White-winged Crossbills were
common there from autumn 1983 (Gibson 1984a) to
spring 1984 when they bred commonly (Gibson 1984c).
By 1 June 1984 there was a large movement of White-
winged Crossbills out of central Alaska (Gibson 1984d)
and presumably out of the Yukon, since few were ap-
parently noted in summer and autumn 1984 (Griinberg
1985). Large influxes of White-winged Crossbills,
>3600 km to the east southeast were observed by early
July in Laurentides (Fig. 6) and in mid-July in Algon-
quin (Fig. 7). These White-winged Crossbills may have
moved across the boreal forests from Alaska and the
Yukon to Ontario and Quebec in about a month. White-
winged Crossbills that may have been part of the move-
ment out of Alaska and the Yukon arrived in June and
July in Alberta (Gollop 1984), Washington (Rogers
1984), Nevada (Kingery 1984), Wyoming (Kingery
1984), New Mexico (Hubbard 1984), and Michigan
(Tessen 1984). White-winged Crossbills began showing
up along the coast of Maine and New Brunswick by
mid-June (this study; Tingley 1984). These crossbills
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arrived earlier than those in Ontario and Quebec be-
cause they probably originated in Newfoundland and
other eastern Maritime locations and thus had to tra-
verse <1200 km. A year later in mid-June 1985 there
was a large northwesterly movement of > 1000 White-
winged Crossbills in northwest Ontario (Veit 1985).

These changes in abundance indicate that White-
winged Crossbills move across the continent following
the belt of boreal forest (see Rowe 1972) in search of
large conifer cone crops; transcontinental movements
by another cardueline finch, the redpoll (Carduelis sp.),
have been recorded (Troy 1983). This type of move-
ment, largely southeast and northwest, across the bo-
real forests of North America is analogous to the “pen-
dulum flights” reported for Red Crossbills in Eurasia
(Svédrdson 1957). Because of the difficulty in recogniz-
ing forms of the Red Crossbill, it is not so obvious on
what scale Red Crossbills may move in North America.
However, “sitkensis’ may regularly make movements
between the Pacific Northwest, including Alaska, and
the Great Lakes region.

Population limitation, diet overlap, and
competition

Griscom (1937) stated that the two most important
factors influencing White-winged Crossbill and Red
Crossbill distributions in North America are their de-
pendence on conifer seed crops and the effect of com-
petition between the two crossbill species. For inter-
specific competition to be important, not only must
there be overlap in conifer seed use, but diet overlap
must occur for seeds limiting either population size or
growth. Smith and Balda (1979) have argued that com-
petitive exclusion is rare among conifer seed-eating
animals. Their argument rests on the contention that
potential competitors rarely rely on similar foods or
strategies to harvest conifer seeds when they are most
limiting. However, crossbills forage on conifer seeds
throughout the year and use similar exploitation strat-
egies to harvest conifer seed.

Potential period of population limitation. —The pe-
riod between tamarack and white spruce seed fall in
late autumn and the opening of black spruce cones in
late winter is when profitability is lowest relative to
energy demands for White-winged Crossbills; seeds in
closed black spruce cones are inaccessible (Benkman
1987) and seed densities in tamarack and white spruce
cones can decline to low levels. After early November,
crossbills are often responsible for most further de-
clines in tamarack and possibly white spruce seed
abundance (Fig. 8), with seed reductions substantially
increasing the time per seed during foraging (Fig. 5)
and reducing intake rate. Food limitation on a local
scale is most likely during this period of relatively high
energy demands and low profitability. Later in winter,
black spruce cones begin opening and seeds become
sufficiently accessible that White-winged Crossbills can
meet their energy demands more easily. Similar pat-
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terns of food limitation in winter are likely for Red
Crossbills, but for the large size class, white pine should
be substituted for tamarack and white spruce, and red
pine and other late-opening pines substituted for black
spruce.

Conifer cone crops vary by several orders of mag-
nitude between years, with intervals of 2-10 yr between
good cone crops (Fowells 1965). As a result of this
variation, crossbills rarely occur commonly in the same
area two years in succession (e.g., Figs. 6 and 7). Cone
crops fail over large regions every 2-4 yr, and at these
times there are large irruptions of crossbills from their
normal range (Griscom 1937, Newton 1970, 1972, Bock
and Lepthien 1976). These cone crop failures corre-
spond to periods of severe food limitation for White-
winged Crossbill populations on a large geographic scale
(Newton 1970, 1972). Because of spatial variation in
seed crops, some local populations are likely to be food
limited in any given year. In the northern boreal forests,
black spruce is probably the most important seed source
for White-winged Crossbills during cone failures be-
cause black spruce cone crops are the least variable and
rarely fail (Fowells 1965) and seeds are held in open
to partially open cones for years at a time (Chai and
Hansen 1952).

Partially open black spruce cones may represent the
type of cone which the White-winged Crossbill is best
adapted to use (Benkman 1987). White-winged Cross-
bills can slide their slender bills more rapidly, and
probably with less effort, between the slightly open
black spruce cone scales than can Red Crossbills with
their wider bills.

Period of food overlap. — Differences in diet or habitat
use are often greatest during periods of food limitation
(Newton 1967, 1972, Smith et al. 1978, Schluter 19825,
Schoener 1982). Food overlap between White-winged
and Red Crossbills is highest in summer when both
species forage on white spruce. For both crossbill species
in late summer, intake rates are higher on white spruce
than on all other conifers, except possibly on tamarack
for White-winged Crossbills. Pullianen (1972) also re-
ported high diet overlap between three species of cross-
bill in northeast Lapland during July and August. Late
summer and early autumn is when seed is most abun-
dant and least limiting. During the rest of the year the
diets of both species of crossbills diverge because each
crossbill species is best adapted for procuring and han-
dling seeds from different species of conifer (see Benk-
man 1987).

There are large differences between White-winged
and Red Crossbills in foraging efficiency that make it
unlikely that both species can profitably forage on the
same conifers when seed is most limiting. When diets
diverge in autumn the change in conifer use is primarily
in response to cone ripening patterns, not seed deple-
tion by crossbills. Diets diverge both when seeds are
abundant and readily available in winter (seed does
not limit population size and nesting may occur), as
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well as when seeds are more limiting (see Schluter
1982a, b for similar interpretations of patterns of seed
use by Darwin’s finches). Therefore, interspecific com-
petition has little impact on major patterns of conifer
use. Nevertheless, seed depletion by the other species
may limit diet breadth and possibly population size.
For example, when spruce and tamarack seeds are
scarce, White-winged Crossbills may be able to subsist
on abundant white pine seed. Depletion of white pine
seed by Red Crossbills, however, may make white pine
seed unprofitable for White-winged Crossbills (also see
Benkman 1987).

If there is competition between White-winged and
Red Crossbills, “sitkensis” is more likely affected than
the large size class of Red Crossbill. The winter diet of
“sitkensis” consists primarily of hemlock (in the East),
which can be an important winter seed source for White-
winged Crossbills, particularly when other seed sources
are depleted; use of hemlock seed appears to coincide
with years of high crossbill abundances and invasions.
Large numbers of crossbills foraging on a seed source
that already may be low makes competition more like-
ly. In Alaska, where both White-winged Crossbills and
“sitkensis” regularly occur, they are largely allopatric
(Gabrielson and Lincoln 1959).

In some winters, Common Redpolls (C. flammea)
forage predominately for tamarack and white spruce
seeds (C. W. Benkman, personal observation; also see
Todd 1963, Smith 1979, Sealy et al. 1980). Redpolls
apparently forage on conifer seeds mainly when they
are in the southern parts of their winter range (Smith
1979, also see Antikainen et al. 1980, G6tmark 1982).
This occurs during invasion years, which in North
America coincide with those years when seed is most
limiting for crossbills. Redpolls are efficient at procur-
ing and consuming tamarack and white spruce seed (C.
W. Benkman, personal observation). Redpolls were very
abundant in Laurentides in November 1984 and were
seen to consume only tamarack seed. Redpolls, there-
fore, potentially contribute to depleting what can be a
limiting resource for White-winged Crossbills.

CONCLUSIONS

The diets and population movements of crossbills
are correlated with patterns of profitability (food intake
rate) while foraging on conifer cones. Because of regular
patterns of profitability for both White-winged and Red
Crossbills, and differences between crossbill species due
to different morphologies, many patterns of crossbill
diets and movements can be understood. Dietary over-
lap between White-winged and Red Crossbills is high-
est in late summer, when seed abundance is greatest,
and overlap declines rapidly in early autumn well be-
fore seed is most limiting. Competition between White-
winged Crossbills and the large size class of Red Cross-
bill in northeast North America is probably infrequent.
However, competition between White-winged Cross-
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bills and either the smallest size class of Red Crossbill
or redpolls is likely and may occur irregularly, coin-
ciding with continent-wide cone failures.
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