Ibis (2013), 155, 177-188

Timing of breeding and offspring number covary with
plumage colour among Gyrfalcons Falco rusticolus
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Plumage colour variation exists among Gyrfalcons throughout their Arctic and sub-Arctic
circumpolar distribution, ranging from white through silver and grey to almost black.
Although different colour variants coexist within many populations, a few geographical
regions, such as northern Greenland, possess a single variant, suggesting that local
environments may influence plumage colour variation. In central-west Greenland
(66.5-67.5°N), where multiple colour variants exist, white male Gyrfalcons fathered sig-
nificantly earlier clutches than grey males. No significant association was observed
between female colour and lay date. However, significantly more offspring were pro-
duced by both male and female white Gyrfalcons than by grey variants when controlling
for lay date, and silver Gyrfalcons produced an intermediate number of offspring for
both sexes. This pattern was further supported by breeding plumage colour pairings.
Grey females paired with grey males nested significantly later in the season and produced
fewer offspring than those paired with white males, whereas no difference in lay date or
offspring number was found between white males paired with white or with grey
females. The difference in the number of offspring produced at each nest-site was also
inversely correlated with the distance to the nearest neighbouring nest, and grey males
nested in closer proximity to other nests compared with white and silver colour variants.
These results suggest that factors associated with territory occupancy and timing of
breeding may regulate reproductive success differently between colour variants, with
directional selection favouring light-coloured Gyrfalcons and resulting in earlier lay date
and a high frequency of white plumage colour variants in this population. Although gene
flow exists between our study population and those further north (>75°N), white Gyrfal-
cons prevail where the breeding season duration is even shorter, suggesting that nesting
chronology in combination with genetic drift may play an important role in influencing
plumage colour polymorphism among Gyrfalcon populations. A
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reproductive success.

INTRODUCTION

Melanin-based  colour variation within and
between species normally has a strong genetic
component (Hofreiter & Schéneberg 2010, Man-
ceau et al. 2010). For this reason, coloration has
become an important trait for investigating the
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genetic basis of adaptation and phenotypic
evolution (e.g. Bortolotti et al. 2008, Anderson
et al. 2009, Mullen et al. 2009, Roulin et al. 2010,
Jacquin er al. 2011). The evolution of colour poly-
morphism and its maintenance is largely driven
by morph-specific sensitivity to environmental
conditions, and the actual mechanism influencing
colour variation can vary among species and popu-
lations (Galeotti et al. 2003, Roulin 2004a,
Bortolotti 2006).
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The degree of pigmentation within endothermic
species or among closely related taxa is often posi-
tively correlated with humidity (Gloger 1833) or
more generally based on proximity to the equator,
with lighter coloured individuals typically found
closer to the poles (see also Zink & Remsen 19886,
Stoner et al. 2003, Jablonski & Chaplin 2010).
Although animals that possess white plumage or
pelage certainly prevail in the Arctic, the potential
advantages for the white phenotype are less obvi-
ous and may include crypsis (Montgomerie et al.
2001), thermoregulation (Wolf & Walsberg 2000)
and social signalling among conspecifics (Bortolotti
et al. 2011). Alternatively, increasing frequency of
white plumage with latitude may result from
reduced selection pressure on colour (e.g. fewer
feather-degrading bacteria; Burtt & Ichida 2004)
and the associated cost of melanin production
(Tickell 2003, but see Beauchamp & Heeb 2001)
or pleiotrophic effects associated with genes that
determine colour (e.g. Gangoso eral. 2011).
Whatever the reason, the causal mechanisms regu-
lating  colour polymorphism remain largely
unknown and more work is required to describe
such patterns and the possible mechanisms that
influence their distribution.

To date, no experimental data exist on the
factors that may influence colour variation or its
adaptive function in the Gyrfalcon Falco rusticolus,
a species that exhibits extensive plumage colour
variation ranging from white through silver and
grey to almost black (Potapov & Sale 2005, Booms
et al. 2008) (Fig. 1). Plumage colour frequencies
within  Gyrfalcon populations vary throughout
their circumpolar Arctic and sub-Arctic distribu-
tion, with a few areas possessing a single colour
variant. Within Greenland, for example, white
Gyrfalcons prevail in the north, whereas multiple
plumage colour variants exist further south (Burn-
ham & Burnham 2011). Although there is no dif-
ferentiation at neutral genetic markers between
these areas, evidence suggests that Gyrfalcon dis-
persal in Greenland is asymmetric from north to
south (Johnson et al. 2007, Burnham & Newton
2011). Despite connectivity, this asymmetry
suggests that factors such as selection intensity
may differ between areas and consequently may
influence overall plumage colour distribution
among Gyrfalcon populations.

For animals breeding in a seasonal environment,
the timing of reproduction strongly influences
reproductive success, and little work has been
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done to assess how plumage colour polymorphism
may vary with nesting chronology. Temperature,
for example, can provide a cue as to when to initi-
ate egg-laying to coincide with favourable condi-
tions (Visser et al. 2009) or may influence the
costs of reproduction (Visser & Lessells 2001,
Vézina & Williams 2002, Williams & Ames 2004).
Temperature may also influence lay date through
the ability of the male to acquire sufficient
amounts of food to subsist and provision the
female with prey while she is producing and incuy-
bating eggs. The specific response within popula-
tions can vary both geographically and temporally
because the costs associated with reproduction and
maintenance depend on factors specific to a partic-
ular environment, and lower temperatures can
make those activities more costly (Newton 1998,
Stevenson & Bryant 2000). In the Arctic, clutch
initiation is constrained by limited food availability
early in the breeding season and the short time
period available to initiate and successfully raise
offspring (Drent 2006), particularly among
‘income’ breeders in which nutrients required for
egg production are obtained on breeding territories
(Klaassen et al. 2006). Here, we explore potential
correlates of plumage colour variation in Gyrfalcon
populations, specifically to assess whether melanin-
based coloration covaries with nesting chronology
and reproductive success in central-west Green-

land.

METHODS

An area of approximately 4250 km?* (66.5-67.5°N)
near Kangerlussuaq in central-west Greenland was
surveyed for breeding Gyrfalcons between 1998
and 2006. When breeding Gyrfalcons were
observed, nests were accessed and young were
ringed using a standard Danish numbered lock-on
metal ring and colour ring (ACRAFT, Edmonton,
Canada). No ringed chicks were observed in subse-
quent breeding seasons. Six adult Gyrfalcons were
trapped and ringed but only a single female was
observed in multiple breeding seasons during the
study period (see also Burnham & Newton 2011).
Because specific nest locations can vary between
years depending on the number of suitable cliff
ledges or presence of abandoned Common Raven
Corvus corax nests in a particular area or cliff face,
nests were defined as ‘nest-sites’ that consisted of a
single cliff or adjacent cliffs (< 1 km) where no
more than a single Gyrfalcon pair was observed
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Figure 1. Gyrfalcon plumage colour variants (white, silver and grey) from Kangerlussuaq, Greenland. Photos by Kurt Burnham.

nesting concurrently within the same breeding
season. Because Gyrfalcons show high nest-site
fidelity (Nielsen 1991, Booms et al. 2011), poten-
tial pseudoreplication in the dataset was addressed
by conducting additional analyses using data from
a single year for pairs at a nest-site that possessed
identical plumage colour combinations across mul-
tiple breeding seasons for the duration of this
study.

Genetically derived melanic (eumelanin) plum-
age colour variants among Gyrfalcons in Kanger-
lussuaq are easily assigned to distinct ‘background
colour’ morphs: white, silver or grey (Fig. 1; see
also Potapov & Sale 2005, Booms et al. 2008,
Chang et al. 2010}, which mostly possess distinct
melanocortin-1 receptor (MCIR) genotypes (John-
son et al. 2012). Background plumage colour for
both breeding adults was recorded at each nest
(n = 66), with the exception of 15 nests where
only the female colour was documented. Gyrfal-
con feathers can also possess brown, grey or black
markings such as streaks, spots and bars that can
vary between individuals relative to the back-
ground colour of the feathers. However, the extent
of plumage markings was not used in these analy-
ses because it is not known to what degree this
trait varies between successive moults (i.e. yearly),
whereas adult Gyrfalcons maintain the same back-
ground plumage colour throughout their lifespan
(Booms et al. 2008). Our field season commenced
each year after eggs had hatched, and plumage
colour data from nests that failed prior to our arri-
val were not available.

Nesting chronology was determined by back-
dating to the first egg-lay date based on the age of
chicks (determined by body size and feather
growth) at each nest, assuming that an egg was
laid every other day, that incubation began with
the laying of the third egg and that the incubation
period lasted 35 days (Platt 1977, Booms et al.
2008, C. Sandfort pers. comm.). To examine
assortative pairing based on plumage «colour,
expected frequencies of plumages of breeding pairs
were generated assuming random mating given the
observed frequencies of plumages.

Linear mixed-effects models with restricted
maximum-likelihood (REML) were used to assess
whether lay date was associated with plumage col-
our. Julian lay date was included as a dependent
variable with nest-site and year fitted as random
factors. Male and female plumage colour and their
interaction were included in the model as fixed
factors. To assess the correlation between plumage
colour of both male and female in breeding pairs
and lay date, a similar model was used with the
same random factors but with plumage colour pair
(e.g. white-white, white-grey, etc.) as a fixed
factor. Male plumage colour was scored before the
female in each breeding pair for data analysis. Dif-
ferences between colour variants were tested with
estimated marginal means.

Differences in the number of offspring (0, 1, 2,
3, 4) as a function of plumage colour, lay date and
year were tested using a generalized linear model
(GZLM) with a Tweedie distribution and identity
link function. The full models were reduced by
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sequentially excluding the variables that did not
explain a significant proportion of the deviance.
Variables significant at P < 0.1 were included in the
final model. All excluded variables were included
separately in the final model to confirm that they
did not explain significant additional variation.
Reported statistics correspond to the variables when
included in the final model. Differences between
colour variants with respect to offspring number
were tested with estimated marginal means.

The difference in offspring number as a function
of straight-line distance between surveyed nests
within each sample year was tested using Spearman
rank correlation to assess whether habitat quality or
proximity to neighbouring nests differed among
individuals, and could thereby influence offspring
number. We assumed that areas with nests in close
proximity to each other require sufficient food
resources for successful reproduction for both
breeding pairs, indicating higher quality habitat.
Limited information exists on breeding home-range
size of Gyrfalcons, and it is not known whether
individuals obtained prey in overlapping territories
within our study site. Using satellite telemetry,
Burnham and Newton (2011) documented a breed-
ing home-range size of 516 km? for a single white
Gyrfalcon male in the Kangerlussuaq study area.
Assuming a symmetrically shaped territory, a dis-
tance < 22 km between nest-sites may indicate
overlapping territories. All data were analysed using
SPSS ver. 19.0.0.1 (IBM Inc., Armonk, NY, USA)
and the level of significance was adjusted to account
for multiple comparisons with sequential Bonfer-
roni adjustment.

RESULTS

A total of 60 white (51%), 22 silver (19%) and 35
grey (30%) adult Gyrfalcons were observed in our
study area, which contained 74 total nest-sites (see
also Burnham & Burnham 2011). Using count data
only for grey and white colour variants due to a
limited sample size of silver variants within years
(< 5 individuals), no significant variation in plum-
age colour frequencies among years was observed
(Pearson’s chi-squared test: 32 = 4.37, P= 0.736)
but white plumage was more common among
male (67%) than female (39%) Gyrfalcons
(2 = 8.62, P = 0.013; Fig. 2).

There was no statistical evidence that Gyrfal-
cons formed pairs with respect to plumage colour
based on pairs observed after eggs had hatched:
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Figure 2. Frequency of plumage colour variants among adult
(@) male and (b) female Gyrfalcons observed in Kangerlus-
suaq.

78% (18/23) of white females, 70% (7/10) of
silver females, and 50% (9/18) of grey females
paired with a white male, while 13% (3/23) of
white females, 30% (3/10) of silver females and
28% (5/18) of grey females paired with a grey
male (y5 = 5.69, P = 0.223). Similarly, based on
light (white, silver) vs. dark (grey) plumage com-
parisons, no statistical support for assortative pair-
ing was observed: 82% (27/33) of light females
and 72% (13/18) of dark females paired with
light-coloured males (4§ = 0.63, P = 0.426).
Differences existed between sexes with respect
to nesting chronology and plumage colour; those
nesting later in the season produced fewer
offspring. Nests with white males were initiated
significantly earlier than those with grey males
(pairwise comparisons of the estimated marginal
means, df = 35.625, P = 0.030; Fig. 3a), although
no difference was observed between white and
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Figure 3. (a) First egg-lay date and (b} proportion with zero,
one, two, three, and four offspring for both male (left) and female
(right) Gyrfalcons based on plumage colour from the whole
sample. Data are estimated marginal means from the
model + se; different letters at the top indicate significant pair-
wise comparisons for each sex separately. Sample sizes are
given at the base of each bar. Offspring number was not known
for all nests; hence, sample sizes differ between (a) and (b).

silver lay dates (df = 38.973, P = 0.990) and silver
and grey (df = 36.695, P = 0.160) male lay dates
after  adjusting  significance  for  multiple
comparisons (Table 1). Additionally, no significant
relationship was observed between lay date and
female plumage colour or male*female colour
interaction. The number of offspring at each nest
differed among colour variants for both males and
females, but did not vary with lay date or year
(Table 2), with a higher proportion of white
Gyrfalcons having four offspring compared with
silver and grey colour variants (Fig. 3b).
Overall, both male and female white Gyrfalcons
produced more offspring (estimated marginal
mean + se = 3.34 £ 0.13 and 3.32 +0.24,
respectively) compared with grey Gyrfalcons
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Table 1. Results of the mixed models explaining variability in
lay date in relation to colour variant in male and female Gyrfal-
cons, including a separate model for breeding pair plumage
colour combinations. Both lay date and year are included as
random factors in both models. Significant results (P < 0.050)
are shown in bold.

Lay date
Fixed effects F df P
Male colour 3.906 2, 36.02 0.029
Female colour 1.491 2, 36.00 0.239
Male*female colour 1.374 3, 28.87 0.271
Breeding pair colour 2.746 7, 30.50 0.025

Table 2. Generalized linear models (GZLM) investigating the
effects of lay date, year, and plumage colour for each sex on
offspring number. Breeding pair plumage colour combinations
were included in a similar GZLM model, excluding plumage
colour variables for each sex. Final models after sequentially
eliminating non-significant variables are shown in bold. Statis-
tics of excluded vatriables are those from separate inclusion in
the final model.

Offspring number®

P df P
Lay date 0.825 1 0.364
Year 0.282 1 0.595
Male colour 7.918 2 0.019
Female colour 7.313 2 0.026
Lay date 0.702 1 0.402
Year 0.005 1 0.942
Breeding pair colour 8.082 3 0.044

TMale*female colour interaction not included in model due to
breeding pair plumage colour sample size limitations (see
Results).

(2.21 £ 0.38 and 2.43 £ 0.24, respectively; male:
P =0.015; female: P = 0.021). The number of off-
spring produced by silver Gyrfalcons (males:
3.23 + 0.34; females: 3.03 + 0.37) did not differ
from those produced by white or grey individuals
(P > 0.100) after controlling for multiple compari-
sons. Similar results were obtained after eliminat-
ing the single grey—grey pair that failed, with both
male (Wald »5 =7.722, P=0.021) and female
(x5 = 5.900, P = 0.052) plumage colour showing a
significant correlation with offspring number while
controlling for lay date and year. Similar results
were also observed when limiting the analyses to
only those pairs with unique plumage colour
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combinations at a particular nest-site (n = 38; J.A.
Johnson unpubl. data).

Although a GZLM for offspring number for
all sampled breeding pairs revealed a signi-
ficant male*female colour interaction (x5 = 18.17,
P =0.001), this interaction was not significant
(x5 = 3.43, P=0.180) after eliminating breeding
pair colour variants with < 5 pairs (i.e. s-w, s-g,
g—w, g-s; see Fig.4), whereas male colour
remained significant (3} = 6.61, P = 0.010). These
findings suggest that the significant male*female
plumage colour interaction with offspring number
in the complete dataset was partly the result of
sampling error due to small sample sizes.

When considering the plumage colour of both
adults at each nest as a single factor, a significant
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Figure 4. Breeding pair (a) first egg-lay date and (b) propor-
tion with zero, one, two, three or four offspring as a function of
plumage colour variants based on the complete sample. Male
colour given first; w, white; s, silver; g, grey; e.g. w—s = white
male, silver female. Lay dates are estimated marginal means
from the model + se; different letters at top indicate significant
pair wise comparisons. Sample sizes are given at the base of
each bar. Offspring number was not known for all nests;
hence, a few sample sizes differ between (a) and (b).
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effect was observed between breeding pair
plumage colour combinations and both lay date
(Table 1) and offspring number (Table 2);
however, the effect differed between the sexes.
Limiting the analysis to only those plumage pairs
with > 5 nests, grey females paired with grey
males nested significantly later in the season
(estimated marginal mean +se Julian date =
122.32 £ 3.87, P=0.001) and produced fewer
offspring (1.29 + 0.85; P = 0.032) compared with
those paired with white males (106.18 + 2,94,
2.82 + 0.35, respectively), whereas white males
paired with white females did not differ in lay date
(106.48 = 2.31; P=0.928) or offspring number
(3.42 +0.14; P=0.067) with those paired with
grey females (Fig. 4). Similar results were obtained
after eliminating the single grey—grey pair that
failed to fledge chicks and including only a single
year from pairs with identical plumage colour
combinations across multiple years at a particular
nest-site (unpubl. data). No silver—silver nest pairs
were observed.

The distance between nest-sites within a given
breeding season was also inversely correlated with
the difference in the number of offspring
(r=-0.189, n=135 P=0.028), whereas the
number of days between lay dates was not correlated
with distance between nests (r, = 0.11, n= 145,
P = 0.196). The mean straight-line distance between
pairwise nest locations within each year surveyed
ranged from 42.3 km (sd = 23.4, n=7) in 1999 to
63.6 km (sd =21.9, n=15) in 2006, whereas the
minimum distance in a given year ranged from 5.3
to 25.5km (mean +sd=11.8+5.8), suggesting
that overlapping territories were possible when con-
sidering satellite telemetry results from Burnham and
Newton (2011).

On average, a shorter distance to the nearest nest
was documented for nests occupied by grey males
(mean + se = 16.33 = 2.19 km) compared with
white males (24.91 +2.64 km; Mann—Whitney
U-test, Z=—-1.95, P=0.050) in a given breeding
year, whereas the mean distance to the nearest nest
among silver male nests (20.51 + 4.69 km) was not
significantly different from those recorded for both
white (Z= —-049, P=0.625) and grey males
(Z=-0.74, P=0.513; Fig. 5). For female nesting
Gyrfalcons, no significant difference in mean
distance to the nearest nest was observed among
the three plumage colour variants (grey = 22.66 =
3.05 km; silver = 20.07 + 3.92 km; white = 23.80
+ 3.34 km; P > 0.410).
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DISCUSSION

In central-west Greenland, first-egg lay date dif-
fered at Gyrfalcon nests with respect to plumage
colour for males but not females. Lay date for
white male Gyrfalcons was earlier than for grey
males, whereas no significant effect was observed
with lay date and colour among females. Despite
these differences between sexes, a significant effect
on lay date was observed relative to the plumage
colour of breeding pairs, where grey females
paired with grey males nested significantly later
than those paired with white males, whereas lay
date for white males paired with white females
did not differ from those paired with grey females.
Later lay dates also resulted in reduced reproduc-
tive success, grey Gyrfalcons producing fewer off-
spring, many of which were associated with nests
in closer proximity to neighbouring territories,
compared with light-coloured Gyrfalcons., These
results therefore suggest that the effect of plumage
colour differed between the sexes, with male
plumage colour having a larger effect on lay date
and offspring number than that observed with
female plumage colour. This is the first time that
plumage colour within a Gyrfalcon population has
been shown to covary with nesting chronology and
sex, and thereby provides a potential mechanism
for maintaining a population’s plumage colour fre-
quency.

Assortative pairing

Within harsh environments such as the Arctic,
where energy demands are high, extreme temper-
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atures and a short breeding season may limit
reproductive success (Martin & Wiebe 2004,
Drent 2006) and directional selection resulting in
egg lay date differences based on plumage colour
may influence the relative frequency of colour
variants in Gyrfalcon populations. Similar to Arctic
Skuas Stercorarius parasiticus (O'Donald 1980),
assortative pairing, for example, may influence lay
date with respect to plumage colour in Kangerlus-
suaq’s Gyrfalcon population by females preferen-
tially mating with white males; however, no
statistical support for this hypothesis was observed.
Alternatively, other aspects associated with the
Arctic environment may influence plumage colour
distribution relative to lay date.

Individual quality and access to prey

Since Perrins (1970), much work has been done to
investigate factors influencing breeding chronology
in birds, most documenting a consistent seasonal
decline in fitness once the optimal egg-laying per-
iod has been passed (Drent 2006). In many cases,
food supplementation in the field resulted in a
positive response with lay date, i.e. individuals
receiving food initiating and laying eggs earlier
(Svensson 1995, Meijer & Drent 1999, Drent
2006, Verhulst & Nilsson 2008, Barichello &
Mossop 2012). These experiments, along with oth-
ers investigating various costs associated with early
lay date and the effects of brood size manipula-
tions, support the individual optimization hypoth-
esis of Drent and Daan (1980) where the ‘timing
of egg laying is a “personal” decision of the individ-
ual pair geared to the territory and parental capa-
bilities (“quality”)’ (Drent 2006). As such, our
data suggest that ‘quality’ may covary with Gyrfal-
con plumage colour, thereby influencing optimal
lay date and reproductive success.

Although there is no direct evidence that Gyr-
falcon hunting success depends on plumage colour,
crypsis may increase access to potential prey
depending on the environment and thereby influ-
ence individual quality (Roulin 2004b, Anderson
et al. 2009), particularly during the early breeding
season when prey are limited. In Kangerlussuaq,
Gyrfalcon lay date from 1998 to 2006 ranged from
28 March to 9 May (mean = 17 April; Burnham
& Burnham 2011), with Rock Ptarmigan Lagopus
muta, Snow Bunting Plectrophenax nivalis and
Arctic Hare Lepus arcticus being the primary prey
available early in the breeding season (Salomonsen
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1950, Boertmann 1994, K. Burnham unpubl.
data). Although no published information is avail-
able on Gyrfalcon diet during or prior to incuba-
tion in this area, Booms and Fuller (2003a,b)
documented increasing numbers of smaller prey,
such as Arctic Hare leverets and juvenile passe-
rines (e.g. Plectrophenax nivalis, Calcarius lapponi-
cus), obtained by males throughout the nestling
period. Female Gyrfalcons, in contrast, continue to
prey predominantly on Rock Ptarmigan through-
out the breeding season (Booms & Fuller 2003a).
Because male Gyrfalcons are smaller than females
(Booms et al. 2008), differences may exist
between sexes in their ability to obtain large prey
such as Rock Ptarmigan. Therefore, body size dif-
ferences may help to explain why variation existed
between the sexes with respect to lay date and
plumage colour.

Variability in courtship behaviors such as nest-
site attendance, ledge and aerial displays, timing and
frequency of copulations, and the number of food
transfers by the male to the female also exist within
Gyrfalcon populations (Booms et al. 2008) and may
be used as a signal for male quality prior to nest ini-
tiation. For example, based on a study investigating
male courtship behaviour in a Gyrfalcon population
in the central Yukon, increased frequency of male
courtship feeding was correlated with earlier nest
initiation and/or reduced nest failure (Barichello
2012). Males that delivered more prey to the female
prior to incubation experienced reduced female
abandonment, or higher nesting success, suggesting
that provisioning rate may serve as a reliable indica-
tor of male quality, allowing the female to remain
inactive and accumulate fat reserves necessary for
egg production and incubation (Barichello 2012,
see also Galvan & Sanz 2011). Similar results have
also been documented for Peregrine Falcon Falco
peregrinus (Olsen et al. 1998) and Osprey Pandion
haliaetus (Green & Krebs 1995).

Although only based on two Gyrfalcon nest-
sites in our study area, the amount of daily bio-
mass delivered to the nest by adult males differed
depending on plumage colour. The grey male
delivered 15% of total prey items, whereas the
white male delivered 63% (Booms & Fuller 2003b,
T. Booms pers. comm.). Reduced parental provi-
sioning has also been observed in male Barn Owls
Tyto alba with large black spots relative to small-
spotted males (Almasi et al. 2008). In open habi-
tats like those in Kangerlussuaq, or the Arctic in
general, white Gyrfalcons may be more cryptic
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against a bright sky, whereas dark individuals may
be more obvious to prey (see also Galeotti et al,
2003, Green & Leberg 2005, Klinka & Reimchen
2009). The combination of limited prey early in
the breeding season and a Gyrfalcon’s ability to
obtain prey may therefore be an important
constraint regulating plumage colour frequency

relative to nesting chronology (e.g. Skiilason &
Smith 1995).

Habitat quality

Alternatively, plumage colour may correlate with
individual ‘quality’ based on prey availability within
their occupied breeding territories, where the high-
est quality individuals, or those to arrive first,
occupy the highest quality sites (Fretwell & Lucas
1970, see also Newton 1998). High-quality territo-
ries with superior food supply allow females to
spend more time on eggs (Zimmerling & Ankney
2005), which is advantageous in a cold environment
for optimal embryo development (Matysiokova &
Remes 2010). Because our field season began after
eggs hatched, it is not known if the timing of terri-
tory establishment and early season nest initiation
differed based on male plumage colour. To our
knowledge, there is no evidence that the timing of
migration covaries with plumage colour in Gyrfal-
con. It is also not known whether a higher fre-
quency of grey compared with white males
abandoned their nests prior to our census date, or
how prey availability, particularly Rock Ptarmigan,
differed among nest-site territories. Therefore, we
are unable to assess directly whether plumage col-
our is correlated with individual or habitat quality,
thereby influencing nesting chronology.

The spacing of breeding site territories relative
to plumage colour may provide an indirect assess-
ment of habitat quality, or at least a measure of
the ability of a territory to provide the necessary
prey required for reproduction (e.g. Arcese &
Smith 1988, Bonal & Aparicio 2008). For exam-
ple, a study of Peregrine Falcons in Kangerlussuaq
documented a significant positive correlation
between the number of offspring produced and
distance to the nearest nesting cliff (Wightman &
Fuller 2006). A similar pattern was also observed
with Gyrfalcons in this study. These results suggest
that factors such as habitat quality or prey avail-
ability associated with overlapping territories
depending on the timing of breeding may influ-
ence reproductive success among Gyrfalcons.




Interestingly, when considering nest-sites in
close proximity to each other (< 22 km), 19 of
22 (86%) possessed either males with identical
plumage colour (n=8) or the lighter coloured
male was associated with the earlier lay date
(n = 11). Two pairwise nest comparisons had silver
males nesting earlier than white males and a third
comparison had a grey male nesting earlier than a
silver male. Given that the difference in offspring
number between two neighbouring nests decreased
as geographical distance increased and grey males,
including grey-grey pairs, typically nested later
than white males, these results suggest that nest-
sites may be limited and grey Gyrfalcons may have
no choice but to nest in close proximity to active
nests, thereby affecting their overall productivity
(i.e. density-dependent or interference competi-
tion; see also Wightman & Fuller 2006). In fact,
this appears to be the case, with grey males on
average nesting in closer proximity to other nests
compared with white males (Fig. 5). It is impor-
tant to note that Gyrfalcon territories are likely to
vary in size depending on the cyclical abundance
of Ptarmigan (e.g. Nielsen 2012, see also Newton
1998) and therefore these patterns may change
depending on prey availability.

Additional factors that may influence Gyrfalcon
reproductive success relative to habitat quality
include interspecific interactions with Peregrine
Falcons that nest in close proximity to Gyrfalcons.
Although Gyrfalcons arrived at nest-sites and initi-
ated egg-laying on average 45 days earlier than
Peregrines (Julian date: 107 vs. 152, Burnham
et al. 2011, unpubl. data), interspecific competi-
tion for both nest-sites, through aggressive interac-
tions (Burnham 2008), and prey, particularly
passerines (Burnham & Mattox 1984, Rosenfield
et al. 1995, Booms & Fuller 2003b, Burnham &
Burnham 2011, see also Pokrovsky et al. 2010), is
likely to occur at our study site. During this study,
only 12 days separated the latest and earliest Gyr-
falcon and Peregrine lay dates, respectively (un-
publ. data), suggesting that the greatest
competition with Peregrines is most likely to occur
with Gyrfalcons that initiate their nests late in the
season (i.e. grey males). The extent to which inter-
actions with Peregrines influence Gyrfalcon pro-
ductivity warrants further study. Additional work
is also needed to determine whether lay date
corresponds with recruitment, with an earlier lay
date correlated with higher recruitment, similar to
Peregrine Falcons (Restani & Mattox 2000).
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Genetic factors

Despite the reduced number of offspring for grey
variants, dark-coloured Gyrfalcons in Kangerlus-
suaq are likely to persist due to inheritance pat-
terns associated with genes that determine
plumage colour (Chang et al. 2010). For example,
Johnson et al. (2012) identified a strong correlation
between allelic variants that possessed differing
amino acid substitutions at MCIR and the white/
melanic plumage colour among Gyrfalcons. White
Gyrfalcons appeared homozygous recessive for
MCIR, whereas all silver Gyrfalcons were hetero-
zygous, and grey Gyrfalcons were either heterozy-
gous or homozygous dominant (Johnson et al.
2012, see also Zhan eral. 2012). Therefore,
because silver Gyrfalcons were similar to white
variants with respect to timing of breeding and
reproductive success for both sexes, the melanic
allele is unlikely to be eliminated in the Kangerlus-
suaq population, thereby providing a mechanism
to maintain grey Gyrfalcons regardless of reduced
reproductive potential.

Broader implications of plumage colour
distribution in Greenland

These results have further implications for why
plumage colour varies throughout the species’ distri-
bution, particularly within Greenland. Because
melanic plumage colour is strongly heritable (Chang
et al. 2010, Johnson et al. 2012) and a small window
of opportunity exists in the Arctic for raising and
fledging young, the positive correlation in Green-
land between the frequency of white Gyrfalcons and
latitude may, therefore, be the result of local adapta-
tion and increasing directional selection intensity on
lay date (see also Antoniazza et al. 2010).

Using similar sampling years, the timing of Gyr-
falcon nest initiation was approximately 18 days
earlier in Kangerlussuaq (mean lay date = 107.4,
sd =94, n=70; this study) than in the Thule
population ¢. 1200 km to the north (date = 125.0,
sd = 7.0, n=40; Burnham & Burnham 2011).
The Kangerlussuag Gyrfalcon population also
exhibited a much wider range of dates for the
nesting period duration. For example, fledging
dates in Kangerlussuaq (n = 66 nests) between
1998 and 2006 occurred over a 43-day period,
compared with 31 days among nests in Thule
(n = 40, 1994-2010; Burnham & Burnham 2011).
In combination with the effects of low immigra-
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tion and genetic drift (Johnson et al. 2007), the
overall duration of the breeding season in north
Greenland (e.g. Thule) may be too short to main-
tain dark-coloured Gyrfalcons given potential
limitations associated with reduced reproductive
success and small population size (see also Hedrick
& Ritland 2012). In contrast, the longer breeding
season further south may confer a selective advan-
tage to alternative phenotypes depending on the
environment and therefore allow grey plumage
variants to persist (e.g. Sirkid et al. 2010).

Between 1993 and 2010 only a single melanic
(grey) female and her offspring were observed in
Thule, whereas all other surveyed Gyrfalcons
(n=285) were white (Burnham & Burnham
2011). Based on neutral markers, the Thule popula-
tion has reduced levels of genetic diversity com-
pared with Kangerlussuaq (Johnson et al. 2007),
suggesting that drift in combination with low immi-
gration may also limit plumage colour variability in
this species. No silver Gyrfalcons have been
observed to date in Thule, and the single observed
grey female and her offspring did not return during
subsequent breeding seasons. More work is needed
to assess whether similar patterns in nest chronology
and plumage colour exist in Gyrfalcon populations
elsewhere in their circumpolar distribution.
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