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Abstract
Energy is the currency of life, where a surplus allows survival and reproduction and a longstanding debt leads to death, yet monitoring energy expenditures in free-living animals has been
relatively limited by available technology. Radio transmitters that have been specially modified
to detect heart rate, however, allow for real-time estimation of energy expense in free-living,
behaving animals. Red crossbills live at northern latitudes year-round and breed opportunistically
throughout much of the year. They therefore offer a unique opportunity to examine the ecophysiology of different life cycle stages under drastically variable seasonal conditions. Here we
present heart rate data of free-living, non-breeding and breeding red crossbills in the summer and
winter. We discuss these variables in the context of red crossbills’ unique opportunistic and
nomadic annual schedules and the highly seasonal conditions of our field site in Grand Teton
National Park.
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Introduction:
Animal fitness is intimately tied to energy dynamics. Animals survive only if they are
able to meet the energy demands of basic maintenance processes and can only reproduce if they
have excess energy potential to invest in their young (Schneider 2004; Sgueo et al. 2012;
Speakman 2008). Fitness thus depends on a dynamic balance between energy intake and energy
expense–both of which are responsive to a wide variety of internal and external factors. Energy
intake, for example, is dependent on foraging effort and skill (phenotypic traits of the organism)
as well as food availability and day length (environmental factors), which can all change across
time (Collins and Morellini 1979; Schneider 2004; Speakman 2008). Similarly, energy expense
is dependent on a wide variety of endogenous processes that change across time, often in
response to changing environmental conditions (e.g., thermoregulation across seasons, immune
investment during infection, etc.) (Calow and Forbes 1998; Sokolova et al. 2012). Endogenous
processes may thus compete for limited body reserves of energy, generating trade-offs that may
have consequences for an organisms’ fitness and driving the scheduling of costly life cycle
events to predictable environmental cycles.
One predictable environmental cycle that has a particularly strong impact on annual
schedules in animals of the north-temperate zone is the seasonal change in day length---and the
associated changes in temperature and primary productivity that this cycle generates.
Endotherms, for example, use metabolic heat production to maintain a constant body
temperature; thus, seasonal changes in weather or climate generate seasonal patterns in
thermoregulatory costs. Studies have indicated that populations of endotherms living in cold
environments maintain higher basal metabolic rates (BMR) than populations living in warmer
environments (Chaffee and Roberts 1971). Individual birds have been shown to adjust their
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BMR in order to acclimatize to their changing temperate environment, demonstrating plasticity
in thermoregulatory capacity. A study of field sparrows (Spizella pusilla), for example,
demonstrated that winter-acclimatized individuals generally had higher basal metabolic rates
than summer-acclimatized individuals (Olson and Kendeigh 1980). Passerine birds may be
particularly sensitive to the effects of changing environmental conditions given their small body
size and high mass-specific metabolic rates. For cardinals (Cardinalis cardinalis), foraging
efficiency is lower, and nights are longer in the winter---a potentially deadly combination given
that songbirds require a daily replenishment of fat stores to survive the overnight fast on very
cold nights. In fact, cardinals were found to expend nearly twice the amount of energy to survive
during an average winter night of about 13 hours, than they expended during an average summer
night of about 9 hours (Sgueo et al 2012). Accordingly, songbirds deposit considerably more fat
in the winter to ensure survival of the longer, colder night relative to summer (Sgueo et al 2012).
If wintering birds fail to store enough fat to survive the overnight fast, then the survival
consequences are extreme; thus, many species migrate south to avoid the northern winter entirely
and most species typically time their investment in reproduction to occur during the
comparatively warmer spring and summer.
Yolking eggs and feeding developing nestlings represents a huge metabolic cost to
breeding songbirds, and thus, the timing of a spring breeding phase presumably maximizes
fitness by separating these costs from those associated with winter thermoregulation (Lozano et
al. 1996; Moeller 1994; Smith and Moore 2004). Food availability also generally increases in the
spring, reducing the costs of energy acquisition that is required to sustain reproduction. These
two factors, climate and food availability, change synchronously in the north-temperate zone for
many species, and thus, it is difficult to disentangle the influence of thermoregulatory demand
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generated by weather (which impacts energy expense) from the influence of increasing food
availability (which impacts energy intake) on decisions to invest in reproduction.
As the effects of climate change continue to grow, environmental conditions are expected
to become increasingly unpredictable and may create atypical or shifting relationships between
weather, season, and food. A better understanding of evolved adaptations that organisms might
utilize in response to changing environments will be imperative for predicting how organisms
can respond to global climate change. One approach that may increase our understanding of such
adaptations is to investigate species that don’t follow the typical pattern of spring breeding. The
red crossbill (Loxia curvirostra) is a small finch with a bill that is specialized for extracting the
seeds from conifer cones (Benkman 1993; Hahn 1994), which are produced in the summer and
typically remain attached to the tree for several years (though seeds are dispersed more quickly).
In the warmer summer when cones are in early stages of development, crossbills are the only
bird species that can access the immature conifer seeds, which they do by prying open the closed
scales using their unique crossed bill. Winters are colder and require more energy for
thermoregulation (Dawson and Tordoff 1964), but the conifer seeds are more mature (i.e., have
higher energy content) and the seeds are more accessible, thus reducing costs of energy intake. If
increased foraging efficiency can offset the costs of winter thermoregulation, then it should be
possible for crossbills to breed in winter. Indeed, red crossbills are known to breed
opportunistically in both seasons throughout their range in North America (Hahn 1998), and
decisions to breed appear to be strongly related to the local abundance of conifer seeds in a given
season (Hahn 1995; Cornelius et al 2012). Red crossbills therefore provide a unique opportunity
to understand the complex interactions between energy intake rates, energy expense, and
resulting investment decisions in a highly seasonal environment.
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The metabolic state of an animal can be measured on several levels, which have been
described extensively in endotherms. Basal metabolic rate (BMR) is the rate of metabolism that
is measured in an adult animal held at an ambient temperature that is within the zone of
thermoneutrality (i.e., no additional metabolic costs to maintain a normal body temperature) and
whilst it is not digesting a meal, fighting an infection, supporting reproductive machinery, or
performing any other non-essential physiological processes. BMR is thus mostly theoretical and
probably very rarely occurs in free-living populations. Resting metabolic rate (RMR) is a more
ecologically relevant measurement of minimal metabolic rates in free-living animals. While
RMR is similar to BMR, it is not equal: RMR is measured in resting individuals during the
inactive period (typically overnight) but allows that animals may be digesting, breeding, fighting
infection, or supporting other nonessential physiological processes. Thus, it reflects the lowest
level of the actual metabolic cost of an individual in its current physiological state and
environmental conditions. Alternatively, the maximum metabolic rate (MMR) is the maximal
rate of oxygen consumed when this same animal is undergoing intense, strenuous activity. MMR
is typically measured experimentally by forcing the animal to exercise strenuously or meet a
severe cold challenge. Finally, field metabolic rate (FMR) is the actual metabolic rate
experienced by the animal as it performs its normal daily routines and is typically presented as a
24-hour measure. FMR will therefore usually fall somewhere between RMR and MMR and
reflects the real metabolic work the animal is performing to meet its current energy demand. It is
difficult to measure energy expense (i.e., metabolism) in free-living species. Previous work has
argued that it is almost impossible to assume that measurements of metabolic rate are at basal
levels, even in carefully controlled laboratory conditions (Speakman et al. 1993). This study
attempts to measure RMR and FMR of free-living passerine birds. RMR and FMR should
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accurately estimate the costs that are required to survive in both the summer and winter
phenotypes as the birds experience the challenges of thermoregulation, foraging and
reproduction.
FMR can be estimated in free-living birds by using the doubly labeled water method to
measure CO2 production (i.e., a direct measure of metabolism), but its applications are limited in
the field because they require catching the same bird twice in a short time span (typically 24
hours), something that is nearly impossible for red crossbills. These techniques also only allow
for an overview of FMR between the two sampling times and fail to capture the finer picture
understanding of how metabolism changes dynamically throughout an entire day (Butler et al.
2004). Alternatively, measuring heart rate remotely with acoustic biotelemetry provides an
indirect estimate of metabolic rate and allows for the study of a free-living bird in real time. This
method only requires capturing an individual once and is thus preferable for those species that
are difficult to recapture. Heart rate biotelemetry also allows for estimates of activity budgets and
behavioral observations through active tracking. Heart rate is not a direct measure of metabolic
costs but rather is an indirect estimate of oxygen consumption because this method relies on the
fact that an increase in heart rate is a major component of the cardiovascular response to
increased oxygen demand (Butler et al. 2004). Heart rate correlates tightly with oxygen
consumption in many species measured, but there can be some minor inter-individual or seasonal
variations in the slope of the relationship and there can be large variations across different forms
of locomotion (e.g., resting, hopping and flying) (Butler 1991; Ward 2002). These variations
must be either measured and accounted for mathematically or considered theoretically when
analyzing and discussing heart rate data in the context of metabolism.
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Here I use heart rate data previously collected from free-living red crossbills in winter
and summer in years of low and high food availability as an estimate of energy expenditure. I
will investigate how reproductive state, activity budgets, seed-intake rates, and environmental
parameters (e.g., temperature, precipitation, wind speed, etc.) impact energy expenditure across
seasons. I hope to learn what it costs to reproduce under dramatically different thermoregulatory
conditions and how food intake might mitigate these differences. I predict that the two most
important factors influencing the overall metabolic rate will be environmental temperature and
breeding condition (nesting/non-nesting). Below I give several specific hypotheses and the
predictions that those hypotheses make concerning the data. Heart rate data have been scored to
date for 34 red crossbills: 16 in winter and 18 in summer. Of these, 7 birds were confirmed as
actively breeding in winter, and 6 birds were confirmed as actively breeding in summer.
HYPOTHESIS 1: Temperatures below the thermal neutral zone cause an increase in
metabolic expense, with lowest temperatures causing the largest change.
•

Prediction 1: Heart rate will be higher in winter relative to summer. This prediction
requires a comparison of different individuals across seasons, thus there may be some
confounds of seasonal acclimation or individual variation in the relationship between
heart rate and temperature. I will thus will also look at differences within individuals
(predictions 2 and 3).

•

Prediction 2: Within a season, colder conditions should cause higher heart rate than
warmer conditions.

•

Prediction 3: Within individuals, colder temperatures should cause higher heart rate than
warmer temperatures.
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Hypothesis 2: Breeding birds will have higher metabolic costs than those birds that are nonbreeding, particularly when feeding nestlings.
•

Prediction 1: Birds captured during a high cone year when breeding was prevalent will
have higher average heart rates than birds captured during low cone years when breeding
was absent or rare.

•

Prediction 2: Birds feeding nestlings or young fledglings will have higher heart rate than
non-breeders.

Hypothesis 3: There is an interaction between breeding and temperature such that breeding in
colder temperatures produces much higher heart rate than breeding in warmer temperatures.
•

Prediction: Birds breeding during colder days will have higher heart rates than birds
breeding during warmer days.

Hypothesis 4: Foraging efficiency can offset some of the costs of breeding and
thermoregulation.
•

Prediction: Birds that consume more seeds per second will have lower heart rates than
birds that consume less seeds per second.
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Methods:
Heart rate data were collected from free-living red crossbills between 2009 and 2017.
Logistical and time constraints prevented us from targeting a single sex, particularly during low
cone crop years when red crossbill densities are much lower compared to high cone years. Sex
ratios for tracked birds were as follows (the numbers in brackets indicate the number of birds that
returned strong heart rate signals, if not all of those individuals that were tracked): high cone
summer (1 female, 6 males); low cone summer (2[1] female, 9[5] male); high cone winter (2
female, 7 male); low cone winter (6[1] female, 3[1] male). These ratios are male biased in three
of the four seasons and female biased in only low cone winters.
Adult male and adult female red crossbills (Loxia curvirostra) were captured using live
decoy lures and mist nets in Grand Teton National Park, Wyoming, USA (43°45’ N, 110°39’ W;
elevation 2,073 m) in summer months (July–September) and winter months (January–March)
across four different years. Red crossbills are nomadic migrants and occur as a suite of eco-types
that are each specialized to particular groups of conifer species. There are 10 types of crossbills
described and each can be identified by a unique call structure and by differences in morphology,
genetics and ecological associations (i.e., their key conifer) (Benkman 1993). For this experiment
Type 5 crossbills, often associated with lodgepole pine (Pinus contorta), were used. Type 5s are
ideal for this experiment because they can be found in the study location in years of both low
cone supply (i.e., only lodgepole pine is producing cones) and high cone supply (i.e., other
masting species produce bumper crops)---thus providing a comparative study system for years of
low and high reproductive activity, respectively. Other crossbill types are present in high cone
years but are less reliably found during low cone years.

9
Upon capture a small blood sample (<70 ul) was immediately collected by venipuncture
from the alar vein. Body size was determined by wing chord, tarsus, and keel lengths measured
with calipers to the nearest 0.1 mm and mass was measured using a Pesola spring scale to the
nearest 0.5 g. Reproductive status was evaluated using morphological characteristics and was
confirmed during tracking based on presence or absence of parental behaviors. Crossbills in high
cone years were in variable stages of breeding and in low cone years were not breeding thus in
statistical tests we use cone year as a proxy for breeding status. We therefore assume that high
summer and high winter represents breeding birds, whereas low summer and low winter
represents non-breeding birds.
To measure heart rate, we used 0.6 g heart rate radio transmitters (Sparrow Systems,
Fisher, IL, USA). The devices transmit a continuous signal that is modified by the electrical
activity generated during a heartbeat. Electrodes were placed under the skin as the transmitter
was attached to the mid scapular region of the back. Attachment took approximately five minutes
and all individuals were released within 30 minutes of capture. All birds were released before
1100 hours except for one individual that was released at 1300 hours. Heart rate records began at
two hours post-release (all birds had resumed foraging activity). Researchers followed the birds
on foot and heart rate signals were recorded for 50 hours, or for as many hours as researchers
were able to remain with the bird, in winter (N = 16) and summer (N = 19). The signal was
recorded using an MP3 player and stored on hard drives for later analysis (see below).
Researchers wore GPS units to record movement through the habitat as they followed the
birds and foraging data were recorded opportunistically throughout the 48-hour period of
tracking. Foraging bout duration (seconds) was recorded starting when a crossbill picked a new
cone to handle and the number of seeds consumed during the bout was determined by counting
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the number of seed hulls that were ejected as the bird processed the seeds. The bout continued if
the bird switched cones but was terminated if it flew to a new region of the tree or stopped
attempting to extract seeds for more than five seconds.
The resulting heart rate audio files were filtered using an Equalization filter in the soundediting program Audacity. Audio was highlighted in five-minute bins and the peak frequency
was determined by creating a plot spectrum and identifying the highest amplitude frequency. An
equalization filter of several hundred Hz was constructed around the peak frequency and applied
to the file. Ten heartbeats were located at the center of the five-minute segment and the duration
(seconds) per 10 beats was recorded. This was transformed to beats per minute. Heart rates were
scored instantaneously every 5 minutes and averaged hourly for analysis (Cochran and Wikelski
2005).
Statistical Analysis:
Weather Parameters
To determine how weather varied seasonally we used t-tests to compare temperature and
relative humidity in summer versus winter. Weather data was compiled from the nearest NOAA
weather stations (Moose WY, approximately 2 km from the main study site).
Heart Rate Models
Analyses were run on two subsets of the data: 1. Using repeated-measures hourly
averages of heart rate (FMR) versus temperature, and 2. binned averages to examine daily costs
(24 hour average) or night only to remove the impact of activity on heart rate and estimate
resting metabolic rate (RMR). Heart rate data were normally distributed; thus, analyses will
include parametric statistical tests relevant to each hypothesis, including Student’s t test,
ANOVA, linear regression, and a linear least squares model.
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Results:
Heart rate was not significantly different between sexes in any year or season, but small
sample sizes for particular sexes in each season preclude inclusion of sex in analyses of other
variables. I will discuss possible biases due to sampling and sex ratios where relevant.
Hypothesis 1: Temperatures below the thermal neutral zone cause an increase in metabolic
expense, with lowest temperatures causing the largest change.
Hypothesis 1 made three predictions. First, that heart rate will be higher in winter relative
to summer. A Student’s t test comparison of means supports this prediction. Red crossbills
tracked in the winter months had significantly higher 24-hour average heart rates than did those
tracked in summer months (t1,28 = 4.23; r2 = 0.4; p = 0.0002; Figure 1). This compares different
individuals across seasons, and thus there may be some confounds of seasonal acclimation.
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Figure 1: Red crossbills tracked in the winter months had significantly higher 24-hour average heart rates than did
those tracked in summer months (t1,28 = 4.23; r2 = 0.4; p = 0.0002). Box plots represent the 25th to 75th quartiles and
whiskers represent the minimum and maximums of the data. The horizontal white line represents the median.

Prediction 2 predicts that within a season, colder conditions should cause higher heart
rate than warmer conditions. Analysis only included nighttime samples to remove confounding
effects of daytime activity. A linear least squares model was constructed using individual bird ID
as a random effect, given repeated measures of heart rate within each individual. Hourly
temperature, season, cone year and all of their interactions were used as direct effects. Individual
ID contributed significantly to the variation in heart rate (P < 0.0003). Temperature and
season*temperature interaction were significant effects (P = 0.0001 and < 0.0001, respectively).
All other terms and interactions did not contribute (all P > 0.2). Post hoc linear regressions were
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run on hourly data to describe the relationship between temperature and heart rate. In summer,
there was a negative linear correlation between temperature and nighttime heart rate in both low
and high cone years (Low F1,175 = 18.2, P < 0.0001, R2 = 0.09; High F1,107 = 24.1, P < 0.0001, R2
= 0.19; Figure 2).
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Figure 2. Relationship between temperature (℃) and night time heart rate in free-living red crossbills in the summer
season. There was a negative linear correlation between temperature and night time heart rate of red crossbills in
both low and high cone years (Low F1,175 = 18.2, P < 0.0001, R2 = 0.09; High F1,107 = 24.1, P < 0.0001, R2 = 0.19).

In winter, the relationship was different between low and high cone years. Similar to
summer, there was a negative relationship between nighttime heart rate and temperature during
winter in low cone years (F1,170 = 51.3, P < 0.0001, R2 = 0.23; Figure 3). However, in a high cone
year winter, there was a positive linear relationship between temperature and nighttime heart
rate. (F1,137 = 8.7, P = 0.004, R2 = 0.06; Figure 3).
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Figure 3. Relationship between temperature (℃) and nighttime heart rate in free-living red crossbills in the winter
season. Winter in low cone years was similar to summer, a negative linear relationship (F1,170 = 51.3, P < 0.0001, R2
= 0.23) but in high cone years winter showed a positive linear relationship between temperature and heart rate.
(F1,137 = 8.7, P = 0.004, R2 = 0.06).

Prediction 3 of Hypothesis 1 predicts that within individuals, colder temperatures should
cause higher heart rate than warmer temperatures. Analysis was again limited to nighttime hours
to minimize complications due to activity. Of 32 individuals analyzed by linear regression, 11
had significant negative relationships between temperature and heart rate (P < 0.05), two had
significant positive relationships (P < 0.05), and 19 had insignificant relationships between
temperature and heart rate (Table 1).
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Table 1: List of all individual birds analyzed. Ordered from most negative slope to most positive slope. Significant
relationships are listed in bold font.

Hypothesis 2: Breeding birds will have higher metabolic costs than those birds that are
non-breeding, particularly when feeding nestlings.
Hypothesis 2 made two predictions. First, birds captured during a high cone year when
breeding was prevalent will have higher average heart rates than birds captured during low cone
years when breeding was absent or rare. A t-test of 24-hour heart rate and nighttime heart rate for
birds captured in low versus high cone years was insignificant, although a very weak trend was
observed for 24-hour average heart rate to be higher in the high cone year with prevalent
breeding compared to low cone year with no breeding (t1,28 = 1.5; P = 0.14). Daytime heart rate,
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however, was significantly higher during the high cone year compared to low cone year (t1,28 =
2.85, P = 0.008; Figure 4).
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Figure 4: Daytime heart rate, plotted as mean +/- standard error, was significantly higher during the high cone year
compared to low cone year (t1,28 = 2.85, P = 0.008). Box plots represent the 25th to 75th quartiles and whiskers
represent the minimum and maximums of the data. The horizontal white line represents the mean.

Prediction 2 of Hypothesis 2 predicts that birds confirmed to have been feeding nestlings
or young fledglings will have higher heart rates than non-breeding birds. Birds that were
suspected of visiting nests but for which we could not confirm a nest were excluded from this
analysis. ANOVA of 24-hour average or nighttime heart rate was not significantly different by
reproductive state (P = 0.24, P = 0.27, respectively; Figure 5) but daytime heart rate was
significantly higher in birds feeding young compared to either non-breeders or birds with eggs
(F2,20 = 3.9, P = 0.04; Figure 5).
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Figure 5: Daytime heart rate, plotted as mean +/- standard error, was significantly higher in birds feeding young
compared to either non-breeders or birds with eggs (F2,20 = 3.9, P = 0.04). Box plots represent the 25th to 75th
quartiles and whiskers represent the minimum and maximums of the data. The horizontal white line represents the
mean.

Hypothesis 3: There is an interaction between breeding and temperature such that
breeding in colder temperatures produces much higher heart rate than breeding in warmer
temperatures.
Hypothesis 3 made a single prediction that birds breeding during colder days will have
higher heart rates than birds breeding during warmer days. Season*year interaction was
significant (P = .05). ANOVA of 24-hour average heart rate by season-year (high summer, high
winter, low summer, low winter) is significant (F3,27 = 7.5, P = 0.001, R2 = 0.49; Figure 6).
Winter breeding birds had higher heart rate than summer breeding birds or summer non-breeding
birds and non-breeding birds in winter had higher heart rate than non-breeding birds in summer
(student’s t, P < 0.05). If analysis is limited to daytime heart rate (i.e., when the costs of breeding
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are most apparent based on Hypothesis 2 analyses), then breeding in winter becomes
significantly more costly than non-breeding in winter. Summer breeders are still not significantly
different in daytime heart rate than are non-breeders.
1000
900

b

800

b

700

a
600

a

500

High Summer
Low Summer
High Winter
Low Winter

400
300
200

Figure 6: 24-hour average heart rate, plotted as mean +/- standard error. Winter breeding birds had higher heart rate
than either summer breeding birds or summer non-breeding birds and non-breeding birds in winter had higher heart
rate than non-breeding birds in summer (F3,27 = 7.5, P = 0.001, R2 = 0.49). Box plots represent the 25th to 75th
quartiles and whiskers represent the minimum and maximums of the data. The horizontal white line represents the
mean.

Hypothesis 4: Foraging efficiency can offset some of the costs of breeding and
thermoregulation.
Prediction: Birds that consume more seeds per second will have lower heart rates than
birds that consume less seeds per second.
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Figure 7: Linear regressions of foraging efficiency against heart rate in free-living red crossbills.

There was a weak negative correlation between foraging efficiency and heart rate during
the high cone summer (F1,6 = 2.8, P = 0.15, R2 = 0.4; Figure 7) and a stronger negative
relationship between foraging efficiency and heart rate during the high cone winter (F1,6 = 7.2, P
< .05, R2 = 0.6; Figure 7). A male bird who was attempting to double brood was excluded as this
activity is very rare and the individuals resulting heart rate was a significant outlier. During the
low cone summer there were not enough samples to perform a regression because many birds
were only eating insects. During the low cone winter there was no relationship between foraging
intake and 24-hour average heart rate (P = .89). Patterns were similar if analysis was limited to
daytime heart rate, thus results are reported for 24-hour heart rate only.
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Discussion:
Red crossbills tracked in the winter months had significantly higher 24-hour average
heart rates than did those tracked in summer months. These data thus support the general
prediction that metabolic costs of survival and reproduction during winter months are more
costly than survival and reproduction during the more benign weather months during the
summer. This begs the question of why crossbills should elect to breed during the winter. It is
possible that the abundance and nutritional value of their food supply allows for this costly and
risky endeavor. In support of this hypothesis, there was no difference in the cost of breeding
versus non-breeding within each season, suggesting that the high food supply that is thought to
stimulate a breeding event (Hahn 1998) may offset the costs of raising young---even in such
challenging conditions of winter. One other possible explanation of these data is that winter nonbreeding birds have higher heart rates because there is a tendency, though not significantly so,
for females to have higher heart rate than males only in the non-breeding years. Future research
can be directed at investigating the relationship between sex and heart rate by season more
closely.
In summer, during both high cone years and low cone years, there was a negative linear
correlation between temperature and heart rate: As temperatures decreased, heart rate increased.
This expected pattern mirrors predictions based on thermoregulatory theory (King and Farner
1961) and was also present in low cone year winters. However, the relationship was different in
high cone year winters where we found a positive linear relationship between temperature and
heart rate. Birds may have to work harder to access enough food to offset costs of
thermoregulation during low cone years. Thus, during colder days metabolic costs of
thermoregulation would be higher for those birds having to forage more to meet demand. In high
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cone years, birds should have easier access to mature seeds in cones, and in fact, foraging
performance is higher during high cone years in general (Figure 7). Interestingly however, heart
rate increased as temperatures increased during the winter of a high cone crop. There are a
number of factors outside of temperature that may account for the change in relationship between
heart rate and temperature, including other weather parameters like precipitation or wind. It is
also possible that internal conditions, such as parasite burden, could impact metabolic rates.
Sparrows, for example, with a high parasite burden showed hypothermic responses compared to
controls (Owen-Ashley et al. 2006). It is also possible, and in this case probable, that the timing
of reproductive phases caused the unexpected pattern in the high cone winter. Birds were tracked
in February and March in both low and high cone years and March was warmer than February in
both years. However, in the high cone year birds were in the more metabolically expensive
feeding phase during March, thus potentially driving a positive relationship between heart rate
and temperature in the high cone winter.
One way to minimize sampling bias in the analysis of heart rate in response to
temperature is to look at the changes in heart rate across temperatures experienced within
individuals. We looked at nighttime heart rates to avoid differences in activity influencing the
pattern, but there was still surprising variation in the nature of the relationship between
temperature and heart rate within individuals. Of 32 individual data sets analyzed by linear
regression, 11 had significant negative relationships between temperature and heart rate, two had
significant positive relationships, and 19 had insignificant relationships between temperature and
heart rate. Despite this variation, the majority showed either the expected negative relationship or
an insignificant relationship. It is maybe unsurprising that so many individuals had insignificant
heart rate responses to temperature given that other factors may simultaneously impact heart rate
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including differences in basal metabolic rate, other environmental variables (e.g., wind, rain,
snow, pressure) and roost site selection that can differentially impact exposure to environmental
variation. Only two birds showed a significant positive relationship between temperature and
heart rate; thus, the results generally support the hypothesis that colder temperatures generate
increased metabolic demand.
We found no increased cost of breeding in either season in either 24-hour average heart
rates or in nighttime heart rate. Daytime heart rate, however, was significantly higher during the
high cone year compared to low cone year---despite slightly warmer temperatures during the
high cone year. This supports the hypothesis that birds who are breeding have significant
increases in metabolic demand compared to non-breeding birds and that this cost likely comes
from daytime activity rather than from supporting additional reproductive physiology, which
should have generated a cost difference in nighttime RMR.
Cone year is a good proxy for determining breeding status given that decisions to breed
appear to be strongly related to the local abundance of conifer seeds in a given season (Hahn
1995; Cornelius et al 2012). Red crossbills have been shown to follow common patterns of
activation of the reproductive system in summer and termination during molt in autumn,
however due to food abundance the capability of re-activation of the reproductive system
opportunistically is available (Hahn 1998). Different phases of breeding, however, may generate
quite different energy costs. Multiple studies have shown that birds who are breeding
(Vehrencamp et al. 1989), sitting on nests (Croxall and Ricketts 1983), or feeding young (Hails
and Bryant 1979) require more energy than birds who are not in reproductive condition. Even in
birds that were confirmed as having nests or feeding fledglings in this study did not have
different 24-hour average or nighttime heart rates than non-breeding birds. However, daytime
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heart rate was significantly higher in birds feeding young compared to either non-breeders or
birds incubating eggs. These results support the hypothesis that birds feeding young have
increased metabolic demands compared to non-breeding or brooding birds. One significant cost
that is specific to females is depositing energy-rich yolk into the forming egg (Gil et al. 2006). In
this study the cost of yolking eggs was difficult to determine and may not have been captured in
our data since birds were only tracked for a total of 48 hours and we were unlikely to have
captured a bird during the comparatively short yolking phase---in particular because winter nests
must be incubated continuously to prevent freezing. It therefore remains unknown in crossbills if
the cost of yolking is much higher than incubating or feeding young.
Winter thermoregulation is clearly costly, but there may be aspects of foraging ecology
that make winter breeding possible for crossbills. Cones are more mature and seeds more easily
accessible in winter months (Benkman 1987;1993)---although we did not detect a difference in
foraging efficiency between summer and winter in either high or low cone years. Heart rate did,
however, correlate negatively with foraging efficiency in high cone summers and winters---thus
breeding birds with better foraging efficiencies had lower average heart rates. These data suggest
that increased foraging efficiency may offset some of the metabolic cost’s birds face during
breeding. We could not analyze the relationship between heart rate and foraging efficiency
during low cone summer months due to sample size because most birds were only eating insects.
Ornithologists have traditionally considered insect protein to be a very small component of the
crossbill diet (Newton 1972). Although the total proportion may be small in relation to seed, it
may be that insect consumption helps crossbills to survive periods of lean conifer seed
availability---especially when insects are abundant and cones are closed and require prying open
in summer. In low cone winter months, when birds were foraging on conifer seeds, there was no
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relationship between foraging intake and 24-hour average heart rate (P = .89). It is unclear why
better foragers should have energy savings only when breeding. One possibility, besides that of
small sample size failing to detect a modest difference, may be that wintering birds during a
breeding year are maximizing daylight hours for foraging (J. Cornelius personal observation),
whereas wintering birds in a non-breeding year are spending some hours resting during the day.
It is therefore possible that the savings due to better foraging efficiency may only become
apparent when breeding has pushed their performance to the maximum. In any case, high
foraging efficiency in the winter may be a key factor that allows this species to opportunistically
breed in winter compared with other species. Seed intake rates were not recorded for other winter
conifer seed eaters (e.g., pine siskins), but we assume that crossbills are the most efficient at seed
extraction. On an individual level this suggests that individuals who were less efficient at
foraging may be more exposed to the costs of high energy turnover, for example, oxidative
stress, time lost to foraging, exposure to predators, and more direct exposure to the elements.
One interesting anomaly that we found in our data was from a double brooding bird. This
wintering male was feeding fledglings at the same time that he was courtship feeding a female
who was building another nest. This suggests, along with field observations of the male doing
most of the feeding of the fledglings, that the female was not contributing much to feeding the
still-dependent young. This male had the highest foraging efficiency out of all individuals
tracked; however---in contrast to the foraging efficiency hypothesis - his heart rate was
extremely high. Presumably his high heart rate was due to the amount of work he was doing in
the attempt to double brood in winter. Thus, even though this individual’s data did not support
the hypothesis that increased foraging efficiency would result in a lower heart rate, his individual
reproductive fitness may have been quite high. The cost of this attempt on survival and long-term
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health is unknown. This may be the first published observation of such an attempt to double
brood in winter, and it may indeed be rare if the wear and tear is very costly. A future study
investigating the costs of winter breeding on oxidative physiology or other estimates of ageing
would help shed light on this potential trade-off.
Low-cone crop years do not result in breeding and thus should be less costly, but our
results show that they are not statistically lower in metabolic costs than breeding years. Perhaps
this suggests that the costs of having to forage on other food items like insects is more costly
than eating seeds. If true, this suggests an intrinsic cost to specialization (i.e., potentially high
effort when their target food is less available) that may be exacerbated due to climate change. If
seed crops suddenly become scarce and high cone crop years become fewer and further between,
high breeding years will become less and less likely, perhaps resulting in population declines or
crashes (Carey 2009).
In conclusion, the decisions that red crossbills make to opportunistically breed during the
winter are known to be largely based on food availability. The specialization of this species
allows for the acquisition of high energy seeds from conifer cones at a higher efficiency in both
summer and the winter of masting years, and this may, in turn, allow for birds to invest more in
breeding. This research supports the hypothesis that foraging efficiency is centrally important to
breeding: breeding birds had much higher foraging efficiency in high cone years and better
foragers suffered lower energy costs of breeding. While this specialization is probably beneficial
for the fitness of this species, how the cone crops respond to changes in temperature, light, and
precipitation due to climate change is something that should be explored to make estimations of
the long-term survival of the species.
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