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Physiological preparations for migration generally reflect migratory strategy. Migrant
birds fuel long-distance flight primarily with lipids, but carrying excess fuel is costly;
thus, the amount of fat deposited prior to departure often reflects the anticipated flight
duration or distance between refueling bouts. Seasonal pre-migratory deposition of
fat is well documented in regular seasonal migrants, but is less described for more
facultative species. We analyze fat deposits of free-living birds across several taxa
of facultative migrants in the songbird subfamily Carduelinae, including house finches
(Haemorhous mexicanus), American goldfinches (Spinus tristis), pine siskins (Spinus
pinus) and four different North American ecotypes of red crossbills (Loxia curvirostra), to
evaluate seasonal fat deposition during facultative migratory periods. Our data suggest
that the extent of seasonal fat deposits corresponds with migratory tendency in these
facultative taxa. Specifically, nomadic red crossbills with a seasonally predictable annual
movement demonstrated relatively large seasonal fat deposits coincident with the
migratory periods. In contrast, pine siskins, thought to be more variable in timing and
initiation of nomadic movements, had smaller peaks in fat deposits during the migratory
season, and the partial migrant American goldfinch and the resident house finch showed
no peaks coincident with migratory periods. Within the red crossbills, those ecotypes
that are closely associated with pine habitats showed larger peaks in fat deposits
coincident with autumn migratory periods and had higher wing loading, whereas those
ecotypes associated with spruces, Douglas-fir and hemlocks showed larger peaks
coincident with spring migratory periods and lower wing loading. We conclude that
population averages of fat deposits do reflect facultative migration strategies in these
species, as well as the winter thermogenic challenges at the study locations. A difference
in seasonal fattening and wing loading among red crossbill ecotypes is consistent with
the possibility that they differ in their migratory biology, and we discuss these differences
in light of crossbill reproductive schedules and phenologies of different conifer species.
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INTRODUCTION

Every year billions of birds migrate to track resources or to
mitigate the impact of challenging environmental conditions
on survival and reproduction. In most migratory birds, these
movements occur largely through long periods of flapping flight
(Hedenstrom, 1993) - an energetically demanding mode of
locomotion that can drive the instantaneous costs of migration
upward of 10 times the basal metabolic rate for extended periods
of time [reviewed in Guglielmo (2018)]. Migratory flight is thus
energetically expensive and requires substantial fuel stores to
power the sustained muscle activity, especially given that most
migratory birds cannot forage while flying.

The energetic demands of flight shape fueling strategies in
migrant birds (McWilliams et al., 2004). Fats contain 8 to 10 times
as much energy per unit mass as compared to carbohydrates and
proteins, in large part due to their hydrophobic nature. Fatty
acids are, thus, the primary fuel utilized during migratory flight in
birds (Blem, 1980; Ramenofsky, 1990; Bairlein, 2002; Guglielmo,
2018). Birds store some fats directly in working myocytes [i.e.,
muscle cells; (Marsh, 1984; Napolitano and Ackman, 1990)],
but much of the energy required for long distance flight is
mobilized from triacylglycerides stored in adipocytes [i.e., fat
storage cells; (Blem, 1976; Ramenofsky et al, 1999; Maillet
and Weber, 2006)]. Adipocytes are concentrated in a variety
of locations in the body, though subcutaneous fat depots are
the primary area of storage (Blem, 1976; Maillet and Weber,
2006). The amount of fat stored in extra-muscular deposits
is generally thought to reflect the perceived risk of failing to
meet energy demands balanced by the risk of increased flight
costs or decreased performance when carrying extra fat mass
(Videler et al., 1988; McNamara and Houston, 1990; Witter and
Cuthill, 1993; Kullberg et al., 1996). For example, birds that have
recently experienced unstable food resources (Lehikoinen, 1986;
Rogers, 1987; Houston and McNamara, 1993; Bednekoff and
Krebs, 1995), high thermoregulatory costs (Helms and Drury,
1960; Newton, 1969; Ekman and Hake, 1990) or long periods
of fasting (Kendeigh, 1969; Vincent and Bédard, 1976; Haftorn,
1989) may carry larger fat deposits, whereas high predator density
can have the opposite effect (Blem, 1975; Lima, 1986; Pravosudov
and Grubb, 1998; Gentle and Gosler, 2001; Lind and Cresswell,
2006; Pascual and Senar, 2015).

Premigratory fat deposits in migrant birds generally reflect
the anticipated flight duration prior to refueling opportunities,
but can also reflect other aspects of migratory ecology (Odum,
1960; Alerstam and Lindstrom, 1990; Weber et al., 1994).
For example, migrants that fly over barriers without refueling
opportunities must carry more fat than those that make frequent
stopovers for refueling (Blem, 1980; Alerstam and Lindstrom,
1990; Newton, 2008) and migrants may carry more fat than is
necessary to provide a buffer for coping with uncertain food
resources during stopover or at the breeding grounds (Pettersson
and Hasselquist, 1985; Nielsen and Rees, 2013). However, those
migrants that face high predation pressure may carry less fat
(Alerstam and Lindstrom, 1990) and take longer to replenish
fat stores at stopover sites (Cimprich et al., 2005; Schmaljohann
and Dierschke, 2005). Further, those birds under pressure for a

timely arrival at breeding locations (e.g., high latitude breeders
and territorial spring breeders, etc.) may also take more risks
during fueling and depart with lower fat stores compared to those
that instead take the time to optimize energy costs throughout
the journey (Alerstam and Lindstrom, 1990; Wojciechowski
et al., 2014). While there exists a relatively rich body of
research investigating how ecological and physiological contexts
affect fattening in traditional, seasonal to-and-fro migrants [i.e.,
obligate migrants, reviewed in Blem (1976, 1980), Ramenofsky
(1990); Bairlein and Gwinner (1994), Biebach (1996); Jenni and
Jenni-Eiermann (1998), Bairlein (2002); McWilliams et al. (2004),
Newton (2008); Weber (2009), Guglielmo (2010, 2018), Price
(2010), and Pierce and McWilliams (2014)], there are fewer
accounts of how fat deposits fluctuate in facultative types of
migrations that occur less predictably in space and/or time, as in
nomadic and irruptive species and partial migrants.

Facultative migrants may deposit smaller fat stores prior
to or during migration than most obligate migrants, though
data are much more limited (Alerstam and Lindstrom, 1990).
Irruptive and nomadic migrations are thought to occur
largely in response to low food resources, often combined
with high population density (Newton, 2006a). Yet these
movements are often seasonal, as in many boreal seed-
eating species (Newton, 2006b; Benkman and Young, 2020;
Dawson, 2020), some insectivores [e.g., long-tailed tit (Aegithalos
caudatus); (Bojarinova and Babushkina, 2015)] and some
frugivores [e.g., waxwings (Bombycilla spp.); (Witmer, 2020)].
The responsiveness of facultative migrants to dwindling food
resources has led some to speculate that facultative migrants
may struggle to meet energy demands during migration or to
store sufficient fat (Tiainen, 1980; Silverin, 2003), but others
challenge that hypothesis given that facultative migrants often
carry large fat deposits and maintain high body mass even
during mass irruptions when resources should be most limiting
(Bojarinova and Babushkina, 2010). Seasonal cycles in fat stores
consistent with premigratory fattening have been observed
in populations of facultative migrants under both natural
conditions (Newton, 1972; Summers et al., 1996; Marquiss and
Rae, 2002; Cornelius and Hahn, 2012); but see Alonso and
Arizaga (2011) and controlled captive conditions with unlimited
food (Berthold and Gwinner, 1978; Hahn, 1995; Babushkina
and Bojarinova, 2011; Newton and Dawson, 2011; Cornelius
and Hahn, 2012; Robart et al., 2018). Further, the timing of
premigratory fattening in the irruptive long-tailed tit and pine
siskin (Spinus pinus) responds to experimental manipulations
of photoperiod in captivity (Babushkina and Bojarinova, 2011;
Robart et al., 2018), although apparently not in Eurasian siskins
(Spinus spinus) (Newton and Dawson, 2011). These studies
suggest that even those species with highly flexible migratory
behaviors may sometimes utilize endogenous programs and
predictive cues to prepare for movements. Given that many
facultative migrants do not have consistent migratory routes and
destinations across years, fattening may reflect insurance against
uncertainty about refueling opportunities. In partial migrant
systems, movements may be programmed and consistent, but
only in particular populations [e.g., more northerly populations:
Linnets (Linaria cannabina; Stey et al., 2017); goldcrests (Regulus
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regulus; Bojarinova et al., 2008) or subsets of populations (e.g.,
females and juveniles in European blackbirds (Turdus merula;
Lundberg, 1985; Fudickar et al., 2013) and dark-eyed juncos
(Junco hyemalis; Holberton, 1993)]. The migratory individuals
in these populations show more fattening during the migratory
season than do their resident counterparts (Lundberg, 1985;
Jahn et al., 2010; Fudickar et al., 2013), but see Holberton
(1993). Facultative migrants may thus share some similarities in
premigratory physiology with obligate migrants, but exhibit a
higher degree of variation at the population level.

Hypotheses and Predictions
We hypothesize that the degree of seasonal fattening observed
in a facultative species is associated with variation in timing
or prevalence of facultative movements across individuals and
populations. We test this hypothesis with long-term datasets
from a subfamily of songbirds with variable facultative migration
strategies, the cardueline finches, including: house finches
(Haemorhous mexicanus), American goldfinches (Spinus tristis),
pine siskins and four different North American ecotypes of red
crossbills (Loxia curvirostra) to determine if average fat deposits
change seasonally and match described migratory patterns.
House finches are resident and experience relatively mild
winters at our study locations in California (Table 1), thus we
predict little or no seasonal fluctuations in fat deposits. American
goldfinches are partial migrants at our study locations and the

birds that remain in winter experience cold conditions, thus we
expect average fat deposits to be larger in wintering goldfinches
than in goldfinches captured during the migratory season -
which presumably includes migrants intent on traveling variable
distances and those birds that remain resident. Pine siskins are
irruptive and nomadic with highly variable migratory behavior
but with movements centered in fall, peaking in September and
October, and in spring, peaking in April and May (Dawson,
2020), although they may move at other times of year less
regularly (Palmer, 1968). Moreover migrant and/or transient
pine siskins can co-occur with individuals in a resident life
cycle stage (e.g., breeding; Granlund et al., 1994; also observed
in Eurasian siskins Senar et al., 1992). We therefore predict
fat deposits to show high variability during the migratory
season in pine siskins and for fat deposits to also be large
and comparatively less variable during the cold winter months.
Red crossbills are nomadic migrants that commonly initiate
movements in May and June to locate newly developing cone
crops (Bielefeldt and Rosenfield, 1994; Summers et al., 1996;
Marquiss and Rae, 2002; Newton, 2006b; Brady et al., 2019;
Gatter and Gatter, 2019; Nothdurft, 2019) and these movements
can transition into irruptions later in the summer and fall if
no sufficient cone crops are encountered (Newton, 1972, 2006b;
Brady et al., 2019; Benkman and Young, 2020). Additional
facultative movements commonly occur in the fall in North
America (Brady et al., 2019; Benkman and Young, 2020) and have

TABLE 1 | Primary capture locations in the United States for American goldfinches (AMGO), red crossbills (RECR), pine siskins (PISI), and house finches (HOFI).

Location Latitude (N) Longitude (W) Elevation (m) Species captured
Ypsilanti, Michigan 42° 83° 240 AMGO
Lapeer, Michigan 43° 83° 280 AMGO
Mill Creek, Del Norte County, California 41° 124° 50 RECR
Signal Mountain, Teton County, Wyoming 43° 110° 2300 RECR
Lake Quinault, Grays Harbor County, Washington 47° 123° 58 RECR
Gray'’s River, Wahkiakum County, Washington 46° 123° 80 RECR
Allen Canyon, Clark County, Washington 45° 122° 40 RECR
Shaw Island, San Juan County, Washington 48° 123° 30 RECR
Devils Table, Yakima County, Washington 47° 121° 1400 RECR
Neah-kah-nie mountain, Tillamook County, Oregon 45° 123° 100 RECR
Camas Creek, Lake County, Oregon 42° 120° 1525 RECR
Fremont National Forest near La Pine, Deschutes County, Oregon 43° 121° 1290 RECR
Deschutes National Forest near Sisters, Oregon 44° 122° 900-1345 RECR, PISI
Eagle Point, Oregon 42° 122° 445 PISI
Mount Hood National Forest, Oregon 45° 121° 745 PISI
Okanogan-Wenatchee National Forest, Chelan County, Washington 48° 121° 760 PISI
Okanogan-Wenatchee National Forest, Kittitas County, Washington 47° 121° 975 PISI
Okanogan-Wenatchee National Forest, Okanogan County, 49° 120° 1360 PISI
Washington

Umatilla National Forest, Columbia County, Washington 46° 118° 1850 PISI
Giifford Pinchot National Forest, Skamania County, Washington 46° 122° 1330 PISI
Eagle Rock, California 34° 118° 200 PISI
Jackson, Wyoming 43° 111° 1900 PISI
Moscow, Idaho 47° 117° 790 PISI
Davis, California 39° 122° 10 HOFI
Los Angeles, California 34° 118° 10-50 HOFI
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been observed in Europe (Gatter and Gatter, 2019) if seed crops
disperse from cones at high rates or birds seek better conditions
elsewhere between breeding seasons (Marquiss and Rae, 2002).
We therefore predict fat deposits to be high during migratory
periods in red crossbills. Winter fattening in crossbills may be
complicated by opportunistic winter breeding, if breeding birds
carry less fat than nonbreeders as in some other species (Freed,
1981; Krause et al., 2016). We therefore predict migratory fat to
exceed winter fat, when evaluated on average across years.

Red crossbills occur as different ecotypes that appear to be
adapted morphologically to different conifer species (Benkman,
1993). Differences in conifer seed phenology may therefore
drive differences in migratory preparations and morphology
in the crossbill ecotypes that feed on them. Thus, we predict
ecotypes that forage efficiently on conifers with more consistent
annual seed production and retention to show relatively less
fattening and ecotypes that forage primarily on species with
less annual consistency to show relatively greater fattening. In
our study area, lodgepole pine (Pinus contorta) has relatively
consistent annual production of cone crops in the spring and
like other pines has hard cones that open relatively slowly
and later, whereas the softer cones of spruces, Douglas firs
and hemlocks are more prone to rapid seed shedding (Ruth
and Berntsen, 1955; Fowells, 1968; Smith and Balda, 1979
Benkman, 1987; Hahn, 1998; Marquiss and Rae, 2002; Mezquida
et al,, 2018). We therefore predict that red crossbills will show
seasonal peaks in fat deposits in late spring and again in the
fall that are more defined in ecotype 3 (closely associated with
hemlocks and spruces) and ecotype 4 (closely associated with
Douglas-fir and spruces) than in ecotype 2 (closely associated
with ponderosa pine) and ecotype 5 (closely associated with
lodgepole pine) (Benkman, 1993; Kelsey, 2008). As a further
test of whether any ecotype differences in fattening likely reflect
differences in migratory strategies, we also examine mass to
wing chord quotients - as migrants are expected to have lower
wing loading to reduce flight costs (Norberg, 1995; Bowlin
and Wikelski, 2008). Thus, we expect that more nomadic
ecotypes will have longer wings (and smaller mass to wing
chord quotients). We evaluate seasonal patterns in fat deposits
in relation to described annual schedules of each species and
ecotype to better understand how fat deposits relate to facultative
patterns of migration.

MATERIALS AND METHODS
Study Sites

Sites were chosen based on availability of good capture locations
within favorable habitat and the presence of target species
(Figure 1 and Table 1). American goldfinches were captured at
study sites throughout Michigan, with the majority of captures
occurring at sites in southeast Michigan. Red crossbills and pine
siskins were captured at study sites in Washington, Oregon,
Wyoming, and California, with additional pine siskin captures
in Idaho. House finches were captured in California, thus house
finches were generally captured at more southerly locations than
the other species.

Capture and Sampling

Data were collected from adult male and female birds captured
at our field sites between 1987 and 2021. During this time
we lured 1,352 adult red crossbills, 418 adult pine siskins, 272
adult American goldfinches and 148 adult house finches into
mist nets using live decoys or into feeder traps baited with
thistle or sunflower seed (Supplementary Table 1 describes
captures by year and month). Juveniles were excluded to avoid
age-related complications in timing or propensity of migratory
movements in partial migrant species (Prescott and Middleton,
1990), because of potential age-related differences in fat deposits
among first year birds, and because it is possible that fattening
is limited by foraging ability in juvenile red crossbills during bill
development (Jamie M. Cornelius, unpublished observations).
We had no pine siskin recaptures during this study and only
one house finch recapture (note that approximately 40% of the
house finches captured in this study were retained for captive
experiments). Twenty-four red crossbills were recaptured once
during this study (i.e., approximately 1% of all captures) and 16
American goldfinches were recaptured between one and three
times each (i.e., approximately 8% of all captures). We excluded
data from recaptured birds given that there were few recaptures
and the majority of these occurred within several weeks of the
initial capture. For red crossbills, vocalizations were recorded to
identify call type either when the bird was approaching the net
or when it called upon release (see Supplementary Table 2 for
sample sizes of ecotypes across life cycle stages). Spectrograms
were created to assist with assigning type if there was uncertainty.
Crossbills that did not vocalize were not assigned a call type
and were excluded from type-specific analyses (N = 84). All
birds were sexed and aged according to plumage, bill and skull
characteristics or reproductive characteristics (Pyle et al., 1997).
Birds for which characteristics were not sexually dimorphic at
the time of capture (e.g., non-breeding pine siskins) were either
molecularly sexed (as in Robart et al., 2018) or categorized as
unknown sex and excluded from these analyses.

Wing loading was estimated as the quotient of body mass
to wing chord length in lean red crossbills (i.e., individuals
with a fat score of 0; see below). Mass was measured by spring
scale to the nearest 0.5 g and unflattened wing chord length
was measured with dial calipers to the nearest 0.1 mm in red
crossbills. While wing shape may be the ideal metric to measure
wing loading in migrants (Minias et al., 2015; Buler et al., 2017),
wing chord length can predict wing shape in some passerines
(Blem, 1975; Lo Valvo et al., 1988), and relates to migratory
ecology in many species (Lo Valvo et al., 1988; Marchetti et al.,
1995; Boyle, 2008).

Fat Deposits

To assess fueling, we focus on the size of subcutaneous fat
deposits. This provides a more direct measure of fuel stores
than measures based on body mass, which is known to fluctuate
seasonally independently of fat stores (e.g., due to changes
in pectoralis muscle and heart size, egg laying or winter
thermogenesis) (Ward and Jones, 1977; O’Connor, 1995; Liknes
and Swanson, 2011). Subcutaneous fat deposits were scored in
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FIGURE 1 | Map of main capture locations for each study species in the United States of America. State borders are shown with states where birds were captured
labeled (WA, Washington; OR, Oregon; CA, California; ID, Idaho; WY, Wyoming; MI, Michigan).

the furcular and abdominal cavities on a scale from 0.0 (no fat
evident) to 5.0 (gross bulging fat deposits) based on descriptions
in Helms and Drury (1960), and used previously in red crossbills
and pine siskins specifically (Hahn, 1998; Cornelius and Hahn,
2012; Robart et al., 2018). Briefly, furcular (aka tracheal pit) fat
deposits were scored as a 0 if no fat was visible in the pit, a
1 if there was a line of fat at the bottom of the pit, a 2 if fat
covered the sides of the pit, a 3 if the fat deposits filled the pit,
a 4 if the fat bulged above the pit, and a 5 if fat spilled across
the pectoral muscle posterior to the furcular pit. Abdominal fat
deposits were scored as a 0 if no fat was visible, a 1 if fat lined
the posterior edge of the rib cage, a 2 if fat was visible amongst
the intestinal tract, a 3 if fat covered the abdominal cavity, a 4
if fat bulged above the abdominal region and a 5 if fat spilled
across the pectoral muscle anterior to the abdominal region.
Fat scores from the two regions were summed for analysis. JC
and HW were trained in fat scoring during long-term field and
captive studies by TH. Other authors were subsequently trained
by JC and HW. All participants were trained using the protocol
described above; however, different species were generally scored
by a subset of the authors on this article: red crossbill data were
collected by JC and TH, pine siskin data were collected by HW,
AR, BV, and JC. American goldfinch data were collected by JC,
DZ., KG, and CN, and house finch data were collected by HW.
Although most authors on this article score fat deposits to a

much finer resolution than the whole number scale described
above (i.e., to the 0.5 or 0.25 resolution), we round fat scores
to the nearest whole number to minimize variability between
observers. Systematic observer bias was also checked for in our
data as described in the section “Statistical Analysis” below and
by comparing observer scores of fat deposits collected from
photographs of abdominal (N = 9) or furcular (N = 11) fat
deposits of various species.

Fat Deposits in Relation to Timing of
Breeding, Molt and Migration

Annual cycles of fat deposits were analyzed by calendar month,
but we also assigned months to seasonal life cycle stages of
breeding, molt, migration and overwintering based on published
species accounts (Badyaev et al., 2020; Benkman and Young,
2020; Dawson, 2020; McGraw and Middleton, 2020; see section
“Results”). While sure to introduce error, binning by life cycle
stages allows us to condense our data into fewer bins and
gives us the necessary power to include interaction terms
between life cycle stage and sex in our models (see statistics
below). Where possible we used morphological data collected
in our study to evaluate the accuracy of the assignment
of life stages within the annual schedules of each species
(see below)
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TABLE 2 | Assignment of capture months to the annual schedule for life cycle stage analysis.

Species Overwintering Migration Breeding Molt

American goldfinch January to March April to May (spring) June to July August to September
October to December (fall)

House finch October to April NA May to June July to September

Pine siskin® December to March April to May (spring) June to August September
October to November (fall)

Red crosshill December May to June (spring) January to April (winter) July to Overlaps

October to November (fall)

September (summer)

*Note that breeding and migration both commonly occur in pine siskins in the spring. We have identified the migratory period as those months in which movements most

commonly occur. See supplement for a more detailed discussion.

Reproductive timing was estimated using changes in cloacal
protuberance (CP) length in males (Bailey, 1952; Wolfson, 1952).
CP length increases in response to elevated testosterone from
the testes and offers a non-invasive estimate of reproductive
condition in male songbirds (Hegner and Wingfield, 1986). CP
lengths were averaged and compared across months and breeding
was determined to be prevalent in those months where average
CP length exceeded the grand mean for CP length across the
year. Use of CP length avoids seasonal biases that can occur when
using brood patch prevalence if females are required to sit tighter
on nests during colder conditions (e.g., winter breeding in red
crossbills or early spring breeding in pine siskins).

Replacement of the primary flight feathers proceeds
sequentially from wrist to wingtip during the complete,
annual pre-basic molt in finches. We scored primary molt
progress by recording the outermost feather that was actively
growing at the time of capture for each individual, excluding
the small tenth primary. The initial stages of primary molt can
overlap with breeding in finches and the later stages of molt with
migration (Cornelius et al., 2011). Thus, we assigned any months
in which there was overlap as either breeding or migration and
only assigned as molt those months in which primary molt
occurred independently of any other stage.

Statistical Analysis

All statistical analyses were performed in JMP Professional
v.14.0 and data and model residuals were analyzed to
ensure that model assumptions were not violated. All models
included random and fixed effects thus we used linear mixed
models. Prior to statistical analyses we checked for inter-
observer variability in fat scoring within a given species and
month of capture by ANOVA and second by using a least
squares model to determine if observer identification or
photograph number described variability in fat scores. These
tests suggested low inter-individual variability in fat scoring
(see results below).

Seasonal Patterns of Fat Deposits Across Species

Seasonal patterns of fat deposits were analyzed by calendar
month and by life cycle stage - which were constructed for
each species based upon published data and capture data in
this study (see section “Results”). To explore seasonal variation
in fat deposits we first used a linear mixed model (LMM) fit
by restricted maximum likelihood and constructed separately
for each species with month (ordinal), sex (categorical), and

time of day (continuous) as fixed effects. Fat deposits may
vary by year or location in response to weather or other
environmental fluctuations. We therefore also included year
and location in the model as random effects. For red crossbills
and pine siskins we had enough samples when binned by
month to also include an interaction term between month
and sex, but could not do so for house finches and American
goldfinches without saturating the model due to smaller sample
sizes. Significant month to month changes in the size of
fat deposits were identified from the fixed effect parameter
estimates which compared adjacent months (Supplementary
Table 1) and peaks and valleys in fat deposits across the
year were identified using Tukey pairwise comparison of
means as the months with the highest or lowest mean fat
scores that were significantly different from months with
medial fat scores.

Second, we constructed LMMs as described above but
replaced month with life cycle stage as the seasonal effect
variable (categorical) and included a stage®sex interaction
term. Non-significant interaction terms were removed from
models (as described below) to recover degrees of freedom and
restore conditional effects to main effects. We again identified
stages with different fat deposits using fixed effect parameter
estimates with overwintering as the comparison group and
identified peaks and valleys using Tukey comparison of means
(Supplementary Table 2).

Seasonal Patterns of Fat Deposits Across Red
Crossbill Ecotypes

We did not analyze type differences by month due to sample
size limitations that prevented the inclusion of an interaction
term between month and type in the model. To analyze seasonal
patterns of fat deposits between crossbill types, we constructed
a LMM with time of day, crossbill type, life cycle stage and
an interaction between type and life cycle stage as fixed effects,
and with year as a random effect. Location was not included
as a random effect in this model because it is correlated with
ecotype. Type-specific seasonal patterns were further compared
by identifying peaks and valleys in fat deposits using Tukey
comparisons of means.

Wing Loading Among Red Crossbill Ecotypes

Wing loading (i.e., lean body mass / wing chord length) was
compared among red crossbill ecotypes using ANOVA, followed
by post-hoc Tukey comparisons of means.
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RESULTS

Tests of Interobserver Variation in Fat

Scoring

We found no significant differences between average observer
scores of fat deposits in any species month (ANOVA, P > 0.05),
except for the month of October in pine siskins (P < 0.0001).
Fat scores of pine siskins captured in October were lower in 2020
when measured by BV than in 2018 or 2019 when measured by
HW. However, average fat scores did not differ between these
observers in any other months, indicating that the difference
observed in October was more likely due to either year or location
variability rather than systematic observer bias. Further, there was
very low interindividual variation in the fat scores collected from
photographs (average standard deviation = 0.35, range 0 - 0.6).
A least squares model found that picture ID predicted fat scores
with very high accuracy (F19.129 = 86.1, P < 0.0001, R? = 0.93),
and the addition of observer did not improve the fit (R? = 0.93)
(Supplementary Figure 1).

Determination of Life Cycle Stages in
Each Species

A detailed description and discussion of the results for the
determination of life cycles stages in each species is available in

the Supplementary Material. Assignment of captures to life cycle
stages for all species are summarized in Table 2.

Seasonal Patterns of Fat Deposits by
Month

Month was a significant effect in models describing fat deposits
in American goldfinches (Fj1,132 = 6.9, P < 0.0001), pine siskins
(Fo,53 = 9.0, P = 0.01), and red crossbills (Fij 495 = 10.7,
P < 0.0001), but not in house finches (Fjg62 = 0.58, P = 0.83)
(Figure 2 and Supplementary Table 3). Tukey comparisons of
means suggest that fat deposits in American goldfinches peaked
during February in the winter and were lowest in the spring,
which was similar to the more subtle (and non-significant)
seasonal pattern observed in house finches. Pine siskin fat
deposits also peaked in winter, were lowest during breeding and
were intermediate during the migratory periods. Red crossbills,
on the other hand, had peak fat deposits in spring and fall, when
movements typically occur, and the smallest fat deposits in the
summer and winter, when breeding often occurs. Time of day
significantly predicted fat deposits in all species (P < 0.0001 for
all four species). Fat deposits increased linearly with time of day
in all species (linear regression P < 0.0001), though variation was
high around the best fit line (red crossbill r* = 0.02; pine siskin
12 = 0.03; house finch 72 = 0.18; American goldfinch r* = 0.08).
The interaction term between sex and month was not significant

FIGURE 2 | Changes in fat and molt progress across month and life cycle stages in free-living American goldfinches (A), house finches (B), pine siskins (C), and red
crossbills (D). Average fat score (gray contour plots) +/- S.E.M. and average number of primaries that have been replaced (dashed line) +/- SEM given for each
calendar month. Significant changes in fat score between consecutive months detected by the LMM are indicated by asterisks (*P < 0.05, **P < 0.001,

*#*P < 0.0001) and the highest and lowest levels are indicated by the letters H and L (identified by Tukey comparison of means P < 0.05). Dominant life cycle stages
for each month are shown above the plots, including: overwintering (hatched black bars), migration (black bars), breeding (open bars), prealternate molt (hatched
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in models explaining fat deposits in red crossbills or pine siskins
(P = 0.2 and 0.3, respectively) and the interaction term was
thus removed from the models. American goldfinches and red
crossbills exhibited significant sex differences in fat deposits
(American goldfinch Fj 213 = 28.9, P < 0.0001; red crossbill
F1,1069 = 27.5; P < 0.0001) but house finches and pine siskins did
not (P = 0.8, and 0.3, respectively). Females had larger fat deposits
than males in American goldfinches and red crossbills — though
sex alone explained little of the variation (American goldfinch
t1,237 = —4.3; P < 0.0001, 1'2 = 0.07; red CI'OSSbiH i’1,1203 = —6.0;
P <0.0001, r* = 0.03).

Seasonal Patterns of Fat Deposits
Across Species by Life Cycle Stages

Life cycle stage significantly predicted fat deposits in American
goldfinches (Fy 39 = 4.9, P = 0.003), pine siskins (F4 2 = 8.8,
P =0.0001), and red crossbills (F4,334 = 20.6, P < 0.0001), but not
in house finches (F»,97 = 0.65, P = 0.52) (Supplementary Table 4).
Tukey comparisons of means identified a peak in fat deposits in
American goldfinches during the overwintering stage and a valley
during the spring migratory and summer breeding stages. Again,
this was similar to the more-subtle and non-significant pattern
observed in house finches. Pine siskin fat deposits also peaked
during the overwintering phase and were lowest in breeding.
Fat deposits were intermediate during molt and both migratory
stages, but fat deposits in spring migration were indistinguishable
from breeding (P = 0.97). Red crossbills, on the other hand,
had peak fat deposits during spring and fall migration stages
and the smallest fat deposits during breeding — which included
both summer and winter breeding. The overwintering stage
included only the month of December for red crossbills and
fat deposits during this stage were intermediate and weakly
distinguishable from either migration (P = 0.06) or breeding
stages (P = 0.09). Time of day again significantly predicted fat
deposits in all species (P < 0.0001 for all four species; patterns
are described above in month analysis). The interaction term
between sex and life cycle stage was not significant and was
removed from all models (American goldfinch P = 0.3; house
finch P = 0.1; pine siskin P = 0.6 and red crossbill P = 0.3). Sex
significantly predicted fat deposits in American goldfinches and
red crossbills (P < 0.0001 for both species; patterns as described
above in month analysis), but not in house finches and pine
siskins (P > 0.5 for both species).

Seasonal Patterns of Fat Deposits
Across Red Crossbill Ecotypes

The interaction between type and life cycle stage significantly
predicted fat deposits in red crossbills (life cycle stage*type
Fi2,783 = 5.8, P < 0.0001; type F3zgss = 0.5, P = 0.7; life
cycle stage F4 ¢33 = 8.9; P < 0.0001). Fat deposits fluctuated
seasonally with a peak during spring migration and a low
during breeding in types 3 and 4 (P < 0.0001 and P = 0.0001;
respectively), and the pattern was similar in type 2 - although
fat deposits peaked during fall migration, and spring migration
fat deposits were not significantly higher than breeding (P = 0.7)
(Figure 3). Type 5s had lower fat deposits during spring

migration compared to summer breeding (P = 0.01), winter
breeding (P < 0.0001) and fall migration (P < 0.0001), but not
overwintering (P = 0.9) (Figure 3).

Wing-Loading in Red Crossbill Ecotypes
The quotient of body mass to wing chord length in lean red
crossbills varied significantly among types (ANOVA F3 139 = 63.2,
P < 0.0001, r* = 0.5; Figure 4). Wing loading was lowest in
type 3 (x = 0.319 4 0.002 SEM, N = 96), intermediate in type
4 (X = 0.347 + 0.003 SEM, N = 51) and type 5 (x = 0.349 + 0.006
SEM, N =9) and highest in type 2 (x = 0.367 + 0.003 SEM,
N = 34) (ordered differences by Tukey comparisons of means
P < 0.05).

DISCUSSION

Seasonal patterns of fat deposits in our long-term data set of
four cardueline finch species generally support the hypothesis
that population averages reflect different facultative migratory
strategies and variable exposure to cold winter climates. The
resident house finches captured in regions with mild winter
climates can be considered a negative control in this analysis
given that we predicted no pre-migratory or thermoregulatory
fattening. In agreement, our models detected no significant
seasonal variations in fat deposits in this species when analyzed
by month or life cycle stage - although it should be noted
that our sample sizes are low in spring and may preclude
detection of a seasonal low during breeding. Pine siskins and
American goldfinches, the two species with perhaps the most
variable spring migratory behavior, had larger fat deposits in
winter compared to the spring migratory period; whereas red
crossbills, arguably the most consistent spring nomad, showed
a distinct peak in fat deposits coincident with the late spring
migratory period that exceeded winter fat deposits. Although
winter breeding may cause adult crossbills to carry less fat as
they invest in young (Cornelius et al., 2012; Jamie M. Cornelius,
unpublished data), it is notable that fat deposits during the
migratory phase in this species were also larger than the fat
deposits carried during the cold winter month of December when
winter breeding does not occur.

Cold winter temperatures may be both an ultimate and
proximate driver of migration for some migrants. One continent-
wide metaanalysis of banding records suggests that 11 of 12
partial migrant species migrate away from those areas with the
coldest winter temperatures, including pine siskins and house
finches (Bonnet-Lebrun et al., 2020). The exception was the
American goldfinch - although it tended to overwinter in urban
environments in cold places, as many other species do (Bonnet-
Lebrun et al.,, 2020). Pine siskins and American goldfinches may
need to carry comparatively more fat than red crossbills in winter
due to their smaller size — as can be observed in sparrows of
variable body size (Rogers, 2015). Rapidly declining fat deposits
from January and February through March and April in these
smaller species support that hypothesis. But whereas the partial
migrant American goldfinch showed a continued decline in fat
deposits through the spring migratory period, the pine siskin
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FIGURE 3 | Fat deposits by life cycle stage in free-living red crossbill ecotypes 2, 3, 4, and 5. Fat deposits increased from winter breeding to spring migration in
types 3 and 4, but declined or didn’t change in pine-associated types 5 and 2, respectively (A). The pattern flipped between summer breeding and fall migration,
where pine-associated types showed larger fat deposits than types 3 and 4. There were no type differences in winter. Comparisons of life cycle stages within types
(B). Different letters indicate life cycle stages that are significantly different based on Tukey comparison of means P < 0.05. Comparison between types within life

cycle stages based on Tukey comparison of means P < 0.05 (C). Sample sizes given in (A), error bars denote SEM.

showed an elevation in May just after a nadir in fat deposits in
April. This increase is consistent with results from captive pine
siskins indicating spring migratory preparations of increased fat
deposits, body mass, pectoral muscle size and hematocrit, with
changes in physiology coincident with an increase in nocturnal
migratory restlessness (Robart et al., 2018). Compared with
diurnal migration, nocturnal migratory movements may limit the
ability to locate foraging sites once underway (Alerstam, 2011)
and increased nocturnal migratory behavior may be related to
the elevation in fat deposits observed in pine siskins. The timing
of migratory preparations in captive pine siskins also differed
slightly than observed here, with preparations beginning earlier
in captive birds (late March; Robart et al., 2018). This difference
may reflect different suites of environmental cues experienced by
captive and free-living birds (Calisi and Bentley, 2009).

Pine siskins, American goldfinches, and red crossbills showed
fall increases in fat deposits. Pine siskins and goldfinches had a
modest increase in the fall relative to the summer nadir, whereas
this increase was much more pronounced in red crossbills. This

difference between crossbills and siskins may be due to the
smaller fat deposits carried by crossbills during breeding, rather
than to the absolute levels carried during the fall migratory
period, which were more similar between the species. On the
other hand, given that pine siskins and goldfinches show more
modest increases in fat deposits compared to crossbills during
migratory periods, another possibility is that diet differences
influence the need for preparatory fattening. Specifically, red
crossbills have a more specialized diet compared to pine siskins
or American goldfinches (Benkman and Young, 2020; Dawson,
2020; McGraw and Middleton, 2020) and thus may have fewer
opportunities to refuel after departure - although insects are
likely to play an important role for crossbills during spring
migration and in early summer (Thomas P. Hahn and Jamie M.
Cornelius, unpublished data).

The increases observed during the migratory periods in these
facultative migrants were relatively modest compared to obligate
migrants [e.g., the increase in fat score observed in red crossbills
during spring migration is half as large as in two similar-sized
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North American buntings (Helms and Drury, 1960)]. Pine siskins
in particular showed relatively small increases in fat during the
spring migratory period, which agrees with other studies in
free-living pine siskins where fat deposits were small in birds
intercepted at banding stations during apparent migratory events
in the fall (Yong and Finch, 2002; Seewagen and Newhouse,
2017). Crossbills nearly doubled fat reserves coincident with the
period of fall migration and showed a slightly smaller increase
during spring migration in this study. This agrees with data
collected on crossbills during an irruption year in Britain that
showed small but significant increases in body mass in October
and then again just prior to departure in June (Summers et al,,
1996), and with captive studies showing similar seasonal changes
in mass and fat (Berthold, 1975; Cornelius and Hahn, 2012).
Studies on crossbills thought to be more sedentary in pine
forests of the Pyrenees found that month was a significant factor
in models explaining changes in fat and mass, but post-hoc
analysis failed to identify peaks or valleys (Alonso and Arizaga,
2011). Our type-specific analysis here also identified distinctions
between crossbills that associate most strongly with spruces,
Douglas-fir and hemlocks and crossbills that associate strongly
with pines, especially in type 5, which is commonly associated
with lodgepole pine.

Fat deposits during winter and summer breeding were not
distinct between red crossbill ecotypes in this study but differed
in interesting ways during the migratory periods. Fat deposits
coincident with the annual nomadic migration in spring were
as predicted: type 3 showed the largest increase in fat reserves,
followed by type 4 and then type 2, which did not have
significantly higher fat during the spring migratory period
relative to breeding. This may reflect more consistent nomadic
movements in those crossbill types that are associated with
conifer species with large annual fluctuations in cone production
(Ruth and Berntsen, 1955; Fowells, 1968; Smith and Balda, 1979).
Wingloading in red crossbill ecotypes agrees with this hypothesis.
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FIGURE 4 | Wing loading in red crossbill ecotypes 2, 3, 4, and 5. The mass to
wing chord length quotient in lean red crossbills was lowest in type 3 and
highest in type 2. Box plots show inter-quartile range and median lines,
whiskers give 95% ClI. Box plots with different letters are significantly different
based on Tukey comparisons of means (P < 0.0001). Sample sizes are 34
type 2, 96 type 3, 51 type 4, and 9 type 5 birds.

Type 3 had the lowest wing loading, consistent with patterns
in some other taxa where more migrant individuals (e.g., in
partial migrants) or longer-distance migrants have lower wing
loading (Pérez-Tris and Telleria, 2001; Nowakowski et al., 2014).
Types 2 and 5 had the highest wing loading - suggesting less
frequent or shorter-distance migrations and type 5 also showed
a unique pattern in fat deposits, with lowest levels occurring
during the spring migratory season. The data from types 2 and 5
agree, however, with data from crossbills captured in the Pyrenees
that also feed on pines with consistent cone crops (Alonso
and Arizaga, 2011), and suggests that crossbills foraging on
more consistent food supplies may show less intensive migratory
fattening. Alternatively, it is possible that differences in fat
deposits during facultative migrations and wing loading reflect
the average distance traveled, which is still relatively unknown for
different crossbill ecotypes, or refueling options along the way.

Change in fat deposits across crossbill ecotypes did not follow
our predictions during the fall migratory period. While fat
deposits increased substantially during the fall migratory period
in pine-associated crossbill ecotypes 2 and 5, they did not do
so in types 3 and 4. One possible explanation is that pine-
associated types are most likely to breed in summer on Douglas-
fir (Psuedotsuga menziesii) and spruces before switching to pine
in winter and spring when the seeds are more accessible. This
has been documented in Europe (Marquiss and Rae, 2002) and
may explain why pine-associated crossbills lay down more fat
coincident with periods of fall movements than did the other
types. Pine-associated ecotypes do not always move and switch
diets, however, as we have observed type 5 crossbills using mostly
blue spruce (Picea pungens) and Douglas-fir to support breeding
in both summer and winter in several different years past in
northwestern Wyoming [Jamie M. Cornelius, unpublished data;
(Kelsey, 2008)].

American goldfinches are partial migrants and our study
site was located toward the northern edge of their wintering
range (McGraw and Middleton, 2020). We therefore expected
to have captured at least some migrant and some resident
birds during migratory months, though it remains possible
that our sample was not balanced in this regard, precluding
detection of migratory fattening. In many partial migrants
the juveniles and females are more migratory and travel
further than adult males (Chapman et al., 2011). American
goldfinches may differ from this typical pattern in regards
to age, but available data suggest that females winter further
south than males on average (Prescott and Middleton, 1990).
In our study, adult females carried more fat than adult males,
but there was no interaction between sex and season, and
fattening during spring migration was not apparent in either
sex. Our finding of a February peak and a spring nadir in
fat deposits is consistent with previous studies of American
goldfinches in our study region in southeast MI (Dawson
and Marsh, 1986), and with body composition analysis that
found peak lipid content and body mass from December
through February (Carey et al., 1978). These data support the
importance of fat for small-bodied songbirds in winter and
suggest that either migratory fueling is low in these diurnal partial
migrants, as for other diurnal migrants (Bojarinova et al., 2008;
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Stey etal,, 2017), or that our sample did not include enough
active migrants to detect it.

American goldfinches are also unique in this study in that they
are the only species to undergo a prealternate molt that peaks in
early spring but is not complete in the population until June or
July (Middleton, 1977). Many species separate prealternate molt
from migration, presumably to reduce potential energetic trade-
offs (Voelker and Rohwer, 1998; Danner et al., 2015). The clear
overlap between the prealternate molt and the recorded periods
of movement in goldfinches may drive lower fat reserves during
the migratory period, as it does in Rusty blackbirds (Euphagus
carolinus) and Pallas’s grasshopper warblers (Locustella certhiola)
that exhibit variable molt and migration patterns and do not
always avoid overlap (Wright et al,, 2018; Eilts et al., 2021).
However, the late breeding season in American goldfinches may
also allow for a longer, slower prealternate molt (Middleton,
1977), which may reduce the costs of molt-migration overlap.

House finches are considered the least migratory species in our
study sample and we captured them in regions with mild winter
climates. Our finding that fat deposits did not change seasonally
is consistent with a previous study of body composition in house
finches in southern California (Dawson et al., 1983). However,
similar examinations of house finches in areas with much colder
winter climates have found seasonal elevations of body fat in the
winter (Dawson et al., 1983; O’Connor, 1995). Thus, the absence
of seasonal peaks in fat deposits, associated with either migratory
or wintering stages, likely reflects both the lack of migratory
behavior among house finches in California and a relatively mild
climate or consistent food availability in the study locations.

In conclusion, we found support for seasonal fattening in
facultative migrant finches coincident with migratory timing and
consistent with annual and population-level variations observed
in migratory behavior. We also identified ecotype-specific
variation in the seasonal patterns of fattening in red crossbills
that associate with different conifer species — suggesting that the
degree of fattening may relate to probability of relocating to find
new cone crops in a given season and/or the anticipated distance
of nomadic movements. Remote tracking in this species and in
other facultative migrant species will be illuminating in teasing
apart these hypotheses further. Geolocators are particularly useful
for demonstrating residence in more sedentary or site faithful
populations of finches because they require recapture (Alonso
et al., 2017) and radiotelemetry-based network systems such
as the motus wildlife tracking network could be utilized in
some localities where towers are installed (Taylor et al., 2017).
The further miniaturization of satellite trackers, however, could
be revolutionary for understanding patterns of movement in
facultative migrants like Cardueline finches and such systems
will allow for a much more accurate understanding of how
premigratory preparations relate to actual migratory behavior in
these facultative species.
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