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ABSTRACT.—I measured the foraging rates of breeding and nonbreeding populations of
White-winged Crossbills (Loxia leucoptera) and Red Crossbills (L. curvirostra) throughout the
year in the northeastern United States and adjacent Canada. I compared actual food intake
rates (80 samples from 26 populations) to those predicted for five hypotheses that pertain to
the timing of reproduction. To form eggs, crossbills required greater intake rates to meet
energy demands than to meet protein requirements. Intake rates predicted to be necessary
for the nestling stage (first five days after eggs hatch) were greater than those required for
egg formation. Nearly all breeding and nonbreeding populations had intake rates adequate
for egg formation. Thus, the ability to form eggs may only infrequently limit nesting. Cross-
bills nested when intake was sufficient for the nestling stage, but ceased nesting if intake
rates were declining so that they would be inadequate for the nestling stage. When intake
rates were less than those required for the nestling stage, crossbills nested if intake rates
were increasing and would be sufficient for the nestling stage. The timing of crossbill re-
production was most consistent with the hypothesis that crossbills bred whenever intake
was sufficient for egg formation and would be sufficient three weeks later during the nestling
stage. That is, crossbills bred as if they were sensitive to both net intake and rates of change
in intake. Intake rates may provide a proximate cue for crossbills to nest, but other factors
such as maturing cone crops and changing day length probably affect breeding readiness.
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IN SEASONAL environments the timing of
breeding profoundly affects reproductive suc-
cess (Perrins 1970, Murton and Westwood 1977,
Sedinger and Raveling 1986), and early breed-
ing in relation to food availability often results
in higher juvenile survivorship (e.g. Nilsson
and Smith 1988). For many bird species breed-
ing should begin as soon as females can accu-
mulate enough energy and nutrients to form
eggs (Perrins 1970), provided food will be suf-
ficient during later stages of the breeding cycle.
Correlations between initiation of reproduction
and increases in food abundance are well doc-
umented (e.g. Payne 1969, Bryant 1975, Turner
1982). Food provisioning experiments also gen-
erally advance breeding (see Arcese and Smith
1988 for a recent summary).

The extensive literature on the energy and
nutrient demands of reproduction (King 1973;

! Present address: Department of Zoology, Univer-
sity of British Columbia, 6270 University Boulevard,
Vancouver, British Columbia V6T 2A9, Canada.

376

Ricklefs 1974; Robbins 1981, 1983; Walsberg
1983) has not yet determined how closely the
timing of reproduction corresponds to the en-
ergy and nutrient demands of egg formation or
any other food requirements. This is due, in
part, to the difficulty in measuring actual food
intake rates (energy or nutrients consumed per
unit time) in the field (see Wiens 1984).

Crossbills (Loxia) are seed-eating birds that
are ideal for testing hypotheses concerning the
possible dependence of the timing of repro-
duction on rate of food intake. The diet of adult
and nestling crossbills consists almost entirely
of seeds extracted from conifer cones (Bailey et
al. 1953; Austin 1968; Newton 1972; Benkman
1987a, pers. obs.), and crossbills nest when
abundant seed supplies are located (e.g. Bailey
et al. 1953, Newton 1972, Nethersole-Thomp-
son 1975). Moreover, the food intake rates of
crossbills can be measured readily (Benkman
1987a, b).

I considered two sets of hypotheses concern-
ing the timing of crossbill reproduction (Table
1). First, breeding may commence as soon as the
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TABLE 1.

Timing of Crossbill Reproduction
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Summary of the five hypotheses for the timing of crossbill reproduction.

Hypotheses

Statement

Egg formation hypotheses
Egg Energy Hypothesis

Breeding begins when females can meet energy requirements for

maintenance and egg production.

Egg Protein Hypothesis

Breeding begins when females can meet protein requirements for

maintenance and egg production.

Nestling-stage hypotheses
Nestling Energy Hypothesis

Breeding begins when males can gather enough energy for them-

selves, their mates, and their nestlings.

Future Nestling Energy Hypothesis

Breeding begins when intake rates are sufficient for egg formation

and will be adequate three weeks later during the nestling stage.

Null Hypothesis

Breeding is unrelated to intake rates.

female can form eggs (Perrins 1970). If energy
requirements limit egg formation, then breed-
ing should begin when females can simulta-
neously satisfy energy requirements for main-
tenance and egg production. This is the Egg
Energy Hypothesis. During winter months short
days reduce foraging time and cold elevates
thermostatic requirements. Consequently,
higher energy intake rates are required than
during summer months. Protein, however, may
limit reproduction instead of total energy (Jones
and Ward 1976, 1979; Fogden and Fogden 1979;
Raveling 1979; Krapu 1981), and the ability to
procure enough protein before and during egg
production may determine the timing of breed-
ing (Jones and Ward 1976, Ankney and Mac-
Innes 1978, Krapu 1981). The Egg Protein Hy-
pothesis posits that breeding is delayed until
sufficient dietary protein is available for the fe-
male to produce eggs.

Second, the timing of breeding may be more
limited by demands during the nestling stage.
Lack (1954) hypothesized that nesting is timed
so that the period of greatest nestling food de-
mand coincides with the period of greatest food
availability. Caring for nestlings is the most en-
ergy-demanding nesting stage for most passer-
ines, which produce relatively small eggs and
altricial young (Walsberg 1983; but see Smith
1978, Martin 1987). In crossbills, energy de-
mands on adults peak during the first five days
after hatching, when females brood almost con-
stantly, and males must forage for themselves,
females, and nestlings (Bailey et al. 1953, New-
ton 1972, Nethersole-Thompson 1975). In other
nestling stages, lower intake rates suffice be-
cause both parents feed nestlings (see Ricklefs
1983). Breeding may begin when energy intake

rates equal or exceed that necessary for the most
energy-demanding nestling stage. This, the
Nestling Energy Hypothesis, is reasonable if intake
rates do not change much or if they are unpre-
dictable.

Alternatively, if intake rates and daily energy
demand change in regular patterns, it might be
advantageous to time breeding to account for
temporal changes in intake rates and energy
requirements. For instance, when intake in-
creases over time, crossbills could initiate
breeding when intake rates are lower than that
necessary during the nestling stage. When in-
take decreases over time, higher intake rates
than that necessary to care for nestlings should
be required for nesting to begin. The Future
Nestling Energy Hypothesis predicts that the nec-
essary intake rate for breeding must be suffi-
cient for the female to form eggs (egg formation
hypotheses), but should also depend on the rate
at which intake rates change so that young can
be raised successfully (Nestling Energy Hy-
pothesis). Finally, a Null Hypothesis is that the
probability of breeding is unrelated to intake
rates.

I examined patterns of energy and protein
intake of breeding and nonbreeding crossbill
populations throughout the year to evaluate the
extent to which the timing of crossbill repro-
duction is determined by the demands of egg
laying and nestling care. Breeding includes all
stages of nesting from nest building to feeding
fledglings. Even though species vary in the ex-
tent to which accumulated protein and fat stores
provide the necessary nutrients for egg for-
mation and nesting (Jones and Ward 1976, 1979;
Ankney and Scott 1980; Drent and Daan 1980),
females of smaller species may replenish pro-
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tein and fat reserves daily to produce eggs (Jones
and Ward 1979). Therefore, the ability of most
small passerines, such as crossbills, to obtain
sufficient nutrients and energy for egg forma-
tion and nesting likely depends on current net
intake rates (Murton and Westwood 1977). Be-
cause White-winged Crossbills (L. leucoptera) and
Red Crossbills (L. curvirostra) breed in every
month of the year (Godfrey 1966, Newton 1972)
and in a variety of climatic conditions, hypoth-
eses based solely on day length or other factors
such as rainfall are not considered. Day length
and temperature, however, do affect the nec-
essary intake rates for all but the Null Hypoth-
esis.

METHODS

Study areas.—I studied crossbills from April 1982 to
February 1985, from June to September 1987, and from
September 1988 to April 1989 in coniferous forests of
the northeastern United States and adjacent Canada.
I gathered data on White-winged Crossbills at Won-
derland-Ship Harbor and Otter Point-Blackwoods in
Acadia National Park, Maine; near Wenlock Crossing,
Vermont; near Good Luck Lake in the southern Ad-
irondacks, New York; near Mare du Sault in Lauren-
tides Reserve and at four areas in La Verendrye Re-
serve, Quebec; near Achray and along the Highway
60 Corridor in Algonquin Provincial Park, Ontario;
at two areas near Foleyet, Ontario; 40 km northeast
of St. Leonard, 60 km east of Plaster Rock, and near
Point Wolfe in Fundy National Park, New Brunswick.
I obtained data on Red Crossbills at Otter Point-Black-
woods, Good Luck Lake, and both areas in Algonquin
Provincial Park, on the Tongue Mountain Range, and
in Albany, New York. I visited study areas year-round
from 1982 to 1985 for 1-6 days for a total of 186 days.
In 1987, I remained at the two areas near Foleyet
almost continuously. During 1988 and 1989, I visited
the area east of Plaster Rock for 1-3 weeks every 1-
2 months. I refer to the crossbills at an area as a pop-
ulation and to data gathered during a visit as a sample.

Intake rates.—Intake rate was defined as mass (dry
weight) of seed kernel consumed per second. I mea-
sured intake rates of foraging crossbills by recording
the number of kernels individual crossbills consumed
during timed intervals. Crossbills remove and discard
the seed coat from each seed before swallowing the
kernel (female gametophyte and embryo). Crossbills
were timed from when they began to forage on a
cone, or had finished handling a seed, until that cone
or a subsequent cone was discarded. These intervals
included time spent handling seeds, extracting seeds
from cones, and travel time between cones within
trees. I excluded intervals when crossbills did not
forage actively, such as when scanning for more than
brief moments. Travel time between trees was ex-
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cluded because it represented little of the total for-
aging time (Benkman 1987a). To account for travel
time between cones within trees, I measured intake
rates while crossbills foraged on more than one cone,
and included travel time in the total foraging time.
Alternatively, I measured both intercone travel time
and the average amount of time spent foraging per
cone. In the first case, intake rate was the number of
kernels consumed () multiplied by dry mass of ker-
nel (k) divided by time foraging (T). In the second
case, intake rate was the average dry mass of kernel
consumed per unit time (X), multiplied by the mean
total time per cone (T.) divided by the sum of the
mean time per cone (T.) and mean travel time (T,):

Intake rate = n(k)/T = (X-T)/(T. + T,).

I'used a 15-60% or a 40 x telescope to observe cross-
bills. Events were timed to the nearest 1.0 s with a
stopwatch. Foraging data for White-winged Cross-
bills are based on 4,559 foraging bouts and 44,315
seeds consumed. Those for Red Crossbills are based
on 566 foraging bouts and 4,135 seeds consumed.

Crossbills may forage on more than one conifer
species on a given day, and I present the average
intake rate on all conifers weighted by the proportion
of time spent foraging on each conifer (Benkman
1987a). I excluded balsam fir (Abies balsamea) because
crossbills foraged on fir <10% of the time (Benkman
1987a). The estimated mass of fir kernel consumed is
not a good estimate of caloric value because resin in
the seed coat deters many seed predators (e.g. Smith
1970) and may reduce digestibility, especially of pro-
tein (Bryant and Kuropat 1980).

Once, White-winged Crossbills in early July for-
aged for spruce budworms (Choristoneura fumiferana)
(Benkman 1987a), which were very abundant. The
kernel intake rate data for this sample does not ac-
curately portray actual intake rates and was excluded.
For all other samples, conifer kernels made up most
of the diet (see Martin et al. 1951, Newton 1972).

I gathered conifer cones to obtain samples for ker-
nel mass. The cones were brought to Albany, New
York, or Princeton, New Jersey, and stored for up to
four months at 0-2°C before the kernels were re-
moved from the cones. Kernels were separated from
seed coats and dried (60-70°C) for 3-8 days. The ker-
nels were weighed to the nearest 0.1-0.01 mg. Sample
sizes were usually 10 kernels from each of 3-5 trees
per site. If kernel mass was not obtained from a given
site, I substituted mass of the appropriate species from
the nearest site, or the average of the two closest sites.

Specific caloric and nutritive value of kernels var-
ied little during the period when most of the data
were gathered. However, between June and mid-Au-
gust, specific caloric and nutritive kernel values in-
crease (e.g. Dickmann and Kozlowski 1969), thus ker-
nel value (see Appendix 1) was overestimated. This
affected only three samples (6A, 16A, and 17A in Fig.
1).
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Breeding status of crosshill populations.—Crossbills at
a site were considered breeding if I found nests or
young being fed. Populations were “marginal” if
breeding was about to begin (males singing, birds
paired, but no nests found) or had just ended (one or
a few pairs feeding fledglings, and no sign of new
nest starts). I classified populations as nonbreeding if
I observed no breeding activities.

Energy estimates.—Estimates of the necessary intake
rates, at monthly intervals, for the Egg Energy, Egg
Protein, Nestling Energy, and Future Nestling En-
ergy hypotheses are based mainly on formulas given
by Robbins (1981, 1983) and Walsberg (1983). Each
hypothesis has a minimum necessary intake rate called
its respective threshold (see Appendix 1). The differ-
ent thresholds are presented in terms of intake rate
(mg of kernel [dry weight] consumed per second), but
energy or protein intake is implicit. The methods and
assumptions used to estimate the thresholds, and a
sensitivity analysis are in Appendix 1.

RESULTS

White-winged Crossbill.—1 found a positive re-
lationship between the intake rates and the
probability of breeding for White-winged
Crossbills (Kendall’s rank correlation, P < 0.001,
based on the proportion of samples breeding
for the different intake-rate intervals >0.1 mg/s
with =3 samples, n = 10 intake-rate intervals;
see Fig. 1), therefore the Null Hypothesis, that
there was no such relationship, was rejected.

Ievaluated the remaining hypotheses by how
well their estimated threshoids separate breed-
ing from nonbreeding populations. Breeding
should have occurred when intake rates were
above the predicted intake-rate threshold, but
not when they were below. The Future Nestling
Energy Threshold (FNET) provides nearly com-
plete separation of breeding from nonbreeding
populations (Fig. 1). Only 1 of 33 (3%) breeding
samples was below FNET, and 0 of the 19 non-
breeding samples were above. The thresholds
for the other hypotheses provide less complete
separation (Fig. 1). Three (9%) breeding samples
were below and three (16%) nonbreeding sam-
ples were above the Nestling Energy Threshold
(NET). All breeding and nonbreeding samples
were above both the Egg Energy Threshold (EET)
and the Egg Protein Threshold (EPT).

Of the 8 “marginal” populations, 7 were near
or on FNET. Only 2 were near NET and EET.
Of the 8 “marginal,” 3 represent populations
with increasing intake rates (1E, 16A, 17A) and
nesting had just begun. The remaining 5 rep-
resent populations with declining intake rates,

Timing of Crossbill Reproduction
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1.5

WHITE-WINGED CROSSBILL

KERNEL INTAKE RATE (mg.s")

Fig. 1. The mean kernel intake rates of White-
winged Crossbills throughout the year. Numbers in
solid circles represent different breeding populations.
Numbers in dashed circles represent populations just
before nesting or at the end of caring for fledglings
(i-e. “marginal” populations). Uncircled numbers rep-
resent nonbreeding populations. Letters signify dif-
ferent dates. The lines represent the estimated thresh-
olds, or minimum necessary intake rates, for breeding
for each hypothesis: solid line = Egg Energy Thresh-
old (EET); dashed line = Egg Protein Threshold (EPT);
dotted line = Nestling Energy Threshold (NET); and
dot-dash line = Future Nestling Energy Threshold
(FNET).

and these populations were ceasing to nest.
Thus, not only does FNET separate nearly all
breeding from nonbreeding populations, but
those that were either just beginning to nest or
were ceasing to nest usually had intake rates
near FNET.

Red Crossbill. —The patterns of breeding and
intake rates for Red Crossbills were similar to
those for White-winged Crossbills (Fig. 2). Data
were insufficient, however, to estimate the Fu-
ture Nestling Energy Threshold, so the two
nestling-stage hypotheses cannot be compared.

DiscussioN

1t has long been known that crossbills breed
when conifer seed is abundant (e.g. Newton



380

RED CROSSBILL
3.0 @

©

wh

<

= ®

¥

2 @

z

.

y

E 1.0 @ ®

x

Fig.2. The mean kernel intake rates of Red Cross-
bills throughout the year. The circles and lines as in
Figure 1.

1972). It was not known, however, the extent
to which crossbills, or any other avian species,
breed when food is just adequate for successful
nesting. The close correspondence between the
predicted energy requirements for crossbills to
breed successfully and their breeding behavior
indicates that they are highly adapted for breed-
ing whenever conifer seed availability is ade-
quate for nesting. One caveat is that many as-
sumptions were made to estimate the thresholds
(Appendix 1). Consequently, how close nesting
corresponds to meeting actual energy require-
ments must await more detailed measurements
onindividuals. Nevertheless, the thresholds are
rather robust to the assumptions (Appendix 1)
and the patterns are distinct enough to warrant
general conclusions.

Crossbills timed nesting so that intake rates
would be sufficient for the most energy-de-
manding nestling stage. At times crossbills ini-
tiated nesting as soon as the energy demands
of nesting could be met, or ceased nesting when
future nesting requirements would not be met.
For example, when intake rates were increas-
ing, nesting began before they were sufficient
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for the nestling stage, possibly as soon as fe-
males could form eggs. Nesting was not at-
tempted if intake rates were declining so that
they would be insufficient for crossbills to raise
nestlings. This implies that sufficient food for
the nestling stage is the ultimate factor limiting
crossbill reproduction.

I have emphasized the importance of conifer
seeds to crossbill breeding behavior. During
most of the year this is reasonable because co-
nifer seeds make up most if not all of the cross-
bill’s diet (Martin et al. 1951, Bailey et al. 1953,
Austin 1968, Newton 1972, Benkman 1987a). In
late June and early July, however, insect larvae
may make up a major part of the diet (Benkman
1987a; Patuxent Stomach Card Files, pers. obs.).
When insects are plentiful, crossbills could be-
gin to nest in June or July before kernel intake
rates are sufficient for egg formation. Never-
theless, because insects are consumed less fre-
quently in August, nesting may be delayed un-
til kernel intake rates would be sufficient for
the nestling period. Thus, insect availability has
only a minor and limited effect on the timing
of crossbill breeding.

Cause and effect. —Crossbills may breed be-
cause they have high intake rates or, alterna-
tively, the relatively high intake rates of breed-
ing crossbills as compared with nonbreeding
crossbills may arise because breeding individ-
uals forage faster (e.g. Robinson 1986; but see
Sullivan 1988). For instance, breeding individ-
uals may reduce the amount of time spent on
other behaviors such as scanning for predators.
This effect was minimized by excluding long
periods of scanning and by confining measure-
ments to individuals that were considered, based
on extensive observations in the laboratory, to
be actively foraging. Moreover, several patterns
indicate that intake rates were more influenced
by cone-ripening phenology and cone structure
than by crossbill breeding status.

First, intake rates of breeding and nonbreed-
ing White-winged Crossbills that foraged on
tamarack (Larix laricina) were related to the
number of seeds in the cones (Fig. 3). When the
two variables were In-transformed, a significant
linear correlation was found (r = 0.91, n = 10,
P < 0.0005). Furthermore, the patterns of intake
rates of both species of crossbills in relation to
cone-ripening phenology in the laboratory
(nonbreeding crossbills; data in Benkman 1987b)
were similar to those in the field (breeding and
nonbreeding crossbills; data in Benkman 1987a,
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this study). Second, even if it is to be argued
that the differences between the intake rates of
breeders and nonbreeders were due to different
efforts, one must explain the variation between
and within populations of breeders (e.g. White-
winged Crossbills were feeding fledglings at
6C, 6D, 6E, and 6F [Fig. 1], yet intake rates varied
tremendously). This variation in intake rates
influenced the amount of time crossbills for-
aged. For example, when intake rates were twice
that of NET, crossbills needed to forage <50%
of the day even when feeding nestlings. In fact,
adults in populations with high intake rates did
not forage constantly. Only when eggs were
laid and intake rates were near EET, or during
the first five days after the eggs hatched and
intake rates were near NET, did crossbills need
to forage most of the day. Indeed, individuals
feeding fledglings in populations with intake
rates near NET (e.g. 4C and 6F in Fig. 1) ap-
peared to forage nearly continuously during
the day. I conclude that most of the differences
in intake rates between breeding and non-
breeding crossbills were due to differences in
seed availability, not breeding status.

Resource predictability.—Only one hypothesis
tested (Future Nestling Energy Hypothesis)
considered changes in intake rates, but it as-
sumed that rates of change were constant dur-
ing the different stages of cone ripening. Rates
of change may at times be unpredictable (Benk-
man 1987a). This might influence the timing of
nesting. For example, decreased predictability
might restrict nesting to periods of more abun-
dant food (see Turner 1982). Between June and
September, intake rates increased consistently
(Fig. 1, Appendix 2) because of seed and cone
maturation (Benkman 1987a, b). During this
time, intake rates and short-term estimates of
rates of increase generally provide reliable in-
formation for intake rates several weeks into
the future. Occasional insect (e.g. Hylemya lar-
icicola) outbreaks can severely decimate devel-
oping seed crops and cause crossbills to cease
nesting and to emigrate (pers. obs.). Between
November and March, changes in profitability
are more variable (Appendix 2, Benkman 1987a),
and intake rates can decline unpredictably. At
this time breeding was initiated usually when
intake rates were well above that necessary for
the nestling stage (i.e. Nestling Energy Thresh-
old). White-winged Crossbills, however, began
to nest in late January when their intake rates
were below NET (3A in Fig. 1). In fact, these
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Fig. 3. The mean intake rates of White-winged
Crossbills in relation to the mean number of seeds
per tamarack cone. The mean number of seeds per
cone is usually based on samples of 10-40 cones from
each of 5-10 trees. The solid and open circles repre-
sent breeding and nonbreeding populations, respec-
tively; the curve is the best fit logarithmic equation.

crossbills subsequently deserted their nests af-
ter a warm spell in March that caused white
spruce (Picea glauca) cones to open and release
most of their seeds. The average number of seeds
per cone declined from 9.4 to 0.5. Crossbills nest
frequently in late winter (Newton 1972, Benk-
man 1985), when food availability can decline
unpredictably, causing nest failure. This indi-
cates that resource unpredictability has little ef-
fect on the timing of crossbill reproduction.

Proximate factors.—There is presumably a
complex of proximate factors that influence the
timing of crossbill breeding. Proximate factors
that might influence breeding behavior include
large developing cone crops and day length.
These two factors predict future intake rates and
energy requirements, respectively. This com-
bination of factors could provide a mechanism
for cessation of nesting.

Tordoff and Dawson (1965) suggested that co-
nifer cone crops provide a proximate stimulus
for crossbill reproduction. Such a mechanism
has been demonstrated for Pinyon Jays (Gym-
norhinus cyanocephalus) (Ligon 1974, 1978).
Crossbills search for large developing cone crops
during summer (Benkman 1987a) and breed
most frequently from late summer to early au-
tumn when cone crops are maturing. As cone
crops mature, intake rates increase (Benkman
1987a, b) and crossbills may then nest as soon
as they are able to produce eggs. On the other
hand, during most of the year cone crops are
not maturing and crossbills do not breed unless
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intake rates are much greater than that neces-
sary for egg formation. Thus, maturing cone
crops may be essential for early nesting when
intake rates are low.

Increasing day length causes Red Crossbill
testes to enlarge (Tordoff and Dawson 1965),
and crossbills breed often in late winter and
early spring (Newton 1972). Indeed, I have in-
duced captive male Red Crossbills to sing daily
in late winter and spring by providing them
with conifer cones containing sufficient seed for
weight gain. Such behavior was not induced
during other times of the year even though
similar quantities and types of cones were avail-
able. Nevertheless, the effect of increasing day
length on reproductive condition is not as great
for crossbills as in other species resident in the
north-temperate zone (Tordoff and Dawson
1965, Immelmann 1971). This is expected be-
cause conditions favorable for nesting are not
strictly correlated with day length. For example,
temporal and geographic variation—both with-
in and between conifer species in seed abun-
dances, and in the ripening and shedding of
seeds—reduce correlations between intake rates
and day length (Benkman 1987a, b; see Benk-
man 1985 for a detailed discussion of the pat-
terns of breeding in relation to conifer seed
phenology).

Decreasing autumnal day length and declin-
ing intake rates may cause crossbills to termi-
nate breeding when intake rates are above those
necessary for the nestling stage. Indeed, ter-
mination of nesting when food is still plentiful
is not unusual among north-temperate nesting
passerines (e.g. Bryant 1975). At least two fac-
tors may select against breeding in late autumn.
First, young fledged late in autumn may have
lower survivorship than those fledged earlier
(see Murton and Westwood 1977, Drent and
Daan 1980, Daan and Dijkstra 1982). Crossbills
fledged late may have reduced survivorship be-
cause they are less experienced foragers. For
example, White-winged Crossbills fledged be-
tween August and October had intake rates in
late November and December that were signif-
icantly less than, and only 76% of, those for
adults (LSD multiple range test, P < 0.05; un-
publ. data). Second, although molting and nest-
ing are not mutually exclusive for crossbills
(Bailey et al. 1953, Kemper 1959, Newton 1972,
pers. obs.), their combined energy demands re-
strict nesting to periods of even higher intake
rates (Murton and Westwood 1977). Comple-
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tion of the autumn molt before winter is prob-
ably critical in providing maximum insulation
during cold winter months (see Dawson and
Carey 1976). White-winged Crossbills usually
molt between late August and December (Sealy
et al. 1980, pers. obs.; see also Todd 1963). Molt
is apparently less regular for Red Crossbills (Jol-
lie 1953), although molting commonly occurs
in autumn (Bailey et al. 1953, Newton 1972).

Rates of food intake may be a proximate cue
for breeding. Although the mechanism by which
intake rates might directly influence breeding
behavior is unknown, crossbills behave as if
they are very sensitive to variation in intake
rates (Benkman 1987a, 1989). In fact, popula-
tions of White-winged Crossbills responded dif-
ferently to nearly identical intake rates at the
same time of the year. One (18A in Fig. 1), when
intake rates increased, was just beginning to
nest (females were caught with brood patches).
In contrast, another (5A) with decreasing intake
rates and nearly independent fledglings gave
no indication of new nesting attempts. This sug-
gests that crossbills are sensitive to both net
intake and rates of change in intake.
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APPENDIX 1. Estimation of thresholds for hypotheses for timing of reproduction and a sensitivity analysis.

The daily energy cost for the Egg Energy Threshold (EET) is:
([BMRJ[TRIN) + ((0.06][7.3JBMR,JD) + ([0.94][3.5]BMR,]D) + ([0.52)[BMR,]24),

where BMR,, is basal metabolic rate of a sleeping female crossbill in k] per hour (19.99X°7%; X is mass of the crossbill in kg [0.025 kg for White-
winged and 0.033 kg for Red Crossbills {Sealy et al. 1980; pers. obs.}]), TR is thermostatic requirements (TR = 1.532 — 0.0423[°C], estimated from
Dawson and Tordoff [1964]) for average daily minimum temperature of each month, and N is number of nondaylight hours. 0.06 is the proportion
of the day spent flying, estimated using an allometric equation given in Walsberg (eq. 11, 1983), 7.3 is the conversion factor used for the energetic
cost of flying (Ettinger and King 1980), BMR is the hourly cost in kJ for a resting bird during the day (24.54X°7, where X was mass of a female
crossbill in kg [Robbins 1983]), and D the number of daylight hours. 0.94 is the proportion of the day spent foraging, and 3.5 is the conversion
factor for cost of foraging (between values for hopping [5; Holmes et al. 1979] and perching [2.1; Ettinger and King 1980; also see Yom-Tov and
Hilborn 1981)). 0.52 is the conversion factor for the energetic cost when energetic demands for egg synthesis are maximal (Walsberg 1983), and
this is multiplied by 24 because BMR,, is an hourly rate. All BMRs, except for cost of egg production itself, are multiplied by factors of 1.07 for
White-winged and 1.19 for Red Crossbills (Dawson and Carey 1976), because crossbills have elevated BMRs relative to allometric predictions.

To estimate nightly thermostatic requirements, I used average daily minimum temperature for each month because it represents the most severe
temperature likely to be experienced during a several-day period, such as that of egg formation. For White-winged Crossbills, I used average
minimum monthly temperatures for the period 1950-1981 from weather stations near study areas in Laurentides Reserve (Mont Apica Weather
Station) and Algonquin Provincial Park (Petawawa National Forestry Weather Station) and averaged monthly means for the two areas. Because
all data on Red Crossbills were gathered in Algonquin Provincial Park or south, I used temperature data only from the Petawawa weather station.
Monthly temperatures available for the study period did not differ much from long-term averages (pers. obs.). Average day length (D; where 24-
h — D = N) during a month is the time between sunrise and sunset for approximately the 15th of each month for 46°N. I assumed complete
substitution of the heat increment of locomotion for thermostatic requirements (see Paladino and King 1984; but see Walsberg 1983, Bryant et
al. 1985).

The necessary intake rate while foraging is solved by dividing daily energy cost by the number of hours available for foraging each day (i.e.
0.94[D] — 0.33 h, where 0.33 h represents time foraging for grit). During egg (shell) formation crossbills must forage for calcium daily (Simkiss
1975) because conifer seeds are low in calcium (Dickmann and Kozlowski 1969, Robbins 1983). The females of many species modify their foraging
behavior during the egg-laying period to include calcium (Jones 1976, Fogden and Fogden 1979, Turner 1982), and in one study it was estimated
that <30 min was spent gathering grit (their presumed calcium source) while nesting (Turner 1982). Crossbills frequently consume grit (pers.
obs.), and I assumed crossbills spent 20 min/day foraging for grit.

The daily energy cost for the Nestling Energy Threshold (NET) is:

([BMR,.JITRIN) + ([0.94][3.5[BMR,,]D) + ([0.06][7.3}[BMR.]D) + ([BMR,J[TRIN) + ([(BMRy][TRID) + ([14.05M,°4]3),

where BMR,,, is the basal metabolic rate, as before, but for the male (0.027 kg for White-winged Crossbills [Sealy et al. 1980] and 0.033 kg for
Red Crossbills). 14.05M,° is the average daily energy requirement in kJ/nestling (Walsberg 1983, eq. 6), with M, being the mass (g) of the aduit,
and is multiplied by 3 because the clutch of crossbills is usually 3 eggs (e.g. Bailey et al. 1953, Newton 1972). I found the necessary energy intake
rate to meet NET by dividing the above sum by the number of hours available for foraging per day.

I assumed that the brooding female had thermostatic requirements during the day as well as at night because she is relatively inactive on the
nest. The nest provides insulation, but this is assumed to be countered by the extra energy required to keep the nestlings warm. I used the average
daily temperature for each month to compute TR during daylight hours and the average daily minimum temperature, as before, to compute TR
for nighttime. I used the average, rather than peak, energy expenditure per nestling because peak energy expenditures per nestling usually occur
during mid- to late stages of the nestling period (cf. Drent and Daan 1980).

The Future Nestling Energy Threshold (FNET) is:

FNET = NET — (IR’ — NET')/21 days; where FNET = EET.

NET is the Nestling Energy Threshold in mg of kernel per second, IR’ is the change in intake rate in mg of kernel per second per day, and NET'
is the change in NET per day (see Appendix 2). Twenty-one days was assumed to be the interval between the beginning of egg formation (7
days are needed to form and lay a three-egg clutch [e.g. Krementz and Ankney 1986]) and hatching (a 14-day incubation period [incubation
period is unknown for White-winged Crossbills but the range for Red Crossbills is 13-16 days; Newton 1972]).

I determined both the average increase in intake rates for White-winged Crossbills and the average rate of change in NET for three-to-four-
month intervals (Appendix 2). The intervals 1 chose represent periods with consistent changes in intake rates and they correspond to different
stages of cone ripening and seed shedding (Benkman 1987a, b).

Estimating necessary intake rates for the above thresholds requires two assumptions. First, based on values for other seed-eating birds (Turcek
1959, Willson and Harmeson 1973), crossbills are assumed to assimilate 80% of the energy in a kernel. Second, caloric value for kernels is estimated
to be 27 kJ/g dry weight, which is the average for kernels of several spruce (Picea) and larch (Larix) species (Grodzinski and Sawicka-Kapusta
1970, Smith 1979). In general, caloric values of conifer kernels differ little among species.

The threshold for the Egg Protein Hypothesis is determined by estimating the necessary amount of kernel that must be consumed to meet
protein requirements for maintenance and egg production divided by time available for foraging. Daily protein maintenance requirements for
birds are estimated to be 2.68 g protein (X°7®)"'-day~*, and protein requirements for egg production by passerines are estimated to be 3.0 times
maintenance requirements, assuming 55% production efficiency of eggs (Robbins 1981). X is mass (in kg) of female crossbill. Conifer kernels are
assumed to consist of 23% protein (range 20.7-25.0, 3 conifers: 2 Pinus, 1 Picea [McKeever 1964, Jones and Earle 1966]) and number of hours spent
foraging is as given for the energy estimates.

Foraging data were gathered on at least three size classes of Red Crossbill, with average body weights ranging from 26-35.5 g (Monson and
Phillips 1981). Most of the data, however, were gathered from the largest size class (see Benkman 1987a) and the thresholds were estimated for
the largest size class. One data point of a non-large-size class was near the estimated thresholds, but accounting for reduced energy demands
would not alter the relation of this point to the thresholds.

Sensitivity analyses.— Assumptions of the thresholds thought most likely in error were subjected to sensitivity analyses. The thresholds were not
very sensitive to variation in proportion of day spent flying. For example, a doubling of flight time to 12% of the day increased NET 8% in January
and 9% in July for White-winged Crossbills, whereas halving flight time to 3% of the day reduced NET 5% in January and 6% in July. Similar
modifications in the assumptions resulted in slightly larger changes in the Egg Energy and Egg Protein thresholds. For example, the Egg Energy
Threshold was increased by 14% in January if flight time was increased to 12% of the day.

The assumption that 94% of the day was spent foraging assumes that all non-flight time was spent foraging. This is an extreme value, but it
seems reasonable to assume that crossbills could maintain foraging most of the 1-5 days concerned for each of the thresholds when food intake
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APPENDIX 1. Continued.

rates are most limiting. Moreover, the energetic cost for crossbills to forage is probably around 3.5 (BMR) which is less than both the maximum
sustained working level of approximately 4 (BMR) found for many bird species caring for nestlings (Drent and Daan 1980) and the maximal
intake rates estimated for birds (4-5 [BMR]; Kirkwood 1983). Consequently, foraging time may be limited most by day length (see Masman et al.
1988). Nonetheless, if instead we assume that 4 or 9% of the day was spent loafing (resting, preening), then the NET would be increased 4% and
9%, respectively, in January, and 4% and 8%, respectively, in July.

If we assumed that the heat increment from locomotion did not substitute for thermostatic requirements, then the estimated intake rate for the
NET in January was increased 4%. The thresholds were not affected in summer because daily temperatures were in the thermoneutral zone.

It was assumed that females continuously brood nestlings. This may not be true during the warmer months (pers. obs.). If, for example, in July
the female is absent from the nest for 1 h/day and spends 94% of that time foraging, the NET would be lowered 5%. A 2-h absence would lower
the threshold 9%. If the female did not brood the nestlings, such as late in the nestling stage, and assuming thermostatic requirements for the
nestlings (as for resting adults) and peak, rather than average, expenditure per nestling, then NET would be reduced by 8% in January and 30%
in July.

The NET is most sensitive to the number of nestlings. For example, if the number of nestlings is reduced from 3 to 2, then the threshold is
reduced 15% in January and 17% in July. Nevertheless, relatively major changes in the variables most likely to be in error have a relatively slight
impact on the estimated thresholds; possible errors suggest a tendency for underestimation of the thresholds in winter and overestimation of
the thresholds in summer.

APPENDIX 2. The slopes of the regression equations
for changes in both intake rates and Nestling En-
ergy Threshold (NET) of White-winged Crossbills
during different periods of the year (data in Fig. 1).
*=P <005 * =P <001, *** =P < 0.0001.

Slope*
(x107%) n 7
June to Sept.
Intake rate 10.07*** 24 0.52
NET 0.93* 4 0.97
Sept. to Nov.
Intake rate —7.87** 28 0.33
NET 2.30* 3 1.00
Nov. to Jan.
Intake rate -1.93 13 0.09
NET 1.30 3 0.66
Jan. to Mar.
Intake rate -3.94 14 0.17
NET —2.58%* 3 1.00
Mar. to May
Intake rate 0.96 4 0.26
NET ~1.76 3 0.98

*mg-s~'-day "



