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Abstract Environmental conditions influence the
breeding and migratory patterns of many avian species
and may have particularly dramatic effects on long-
distance migrants that breed at northern latitudes.
Environment, however, is only one of the ecological
variables affecting avian phenology, and recent work
shows that migration tactics may be strongly affected
by changes in predator populations. We used long-term
data from 1978 to 2000 to examine the interactions
between snowmelt in western Alaska in relation to the
breeding or migration phenologies of small shorebirds
and their raptor predators. Although the sandpipers’
time of arrival at Alaskan breeding sites corresponded
with mean snowmelt, late snowmelts did delay breed-
ing. These delays, however, did not persist to south-
ward migration through British Columbia, likely due to
the birds’ ability to compensate for variance in the
length of the breeding season. Raptor phenology at an
early stopover site in British Columbia was strongly
related to snowmelt, so that in years of early snowmelt
falcons appeared earlier during the sandpipers’ south-
bound migration. These differential effects indicate
that earlier snowmelt due to climate change may alter
the ecological dynamics of the predator—prey system.
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Introduction

An annual migration to distant breeding sites is a
common strategy among many taxonomic groups, as it
allows animals to raise their offspring in highly-sea-
sonal areas that may not support life year-round.
Many ecological factors influence migratory behaviors
(Alerstam et al. 2003), including abiotic factors such as
climate (Crick 2004) and photoperiod (Quinn and
Adams 1996; Coppack and Pulido 2004), as well as
biotic factors such as perceived predation risk (Lank
et al. 2003) and prey abundance (Walter 1979;
Schneider and Harrington 1981). In particular, those
animals migrating long distances face great challenges
in fine-tuning the timing of their annual cycles, as they
have little knowledge of the environmental conditions
that lie ahead and any adjustments to their schedule
must be made from afar (Both and Visser 2001).

During the boreal spring, many birds of different
species migrate thousands of kilometres to high lati-
tude ecosystems to breed, taking advantage of the
seasonally-rich food resources for the raising of the
young (Alerstam et al. 2003). High latitude breeders
may be especially vulnerable to ecological changes, as
climate becomes more extreme and variable with
latitude (Martin and Wiebe 2004), making assessment
of conditions from distant non-breeding areas corre-
spondingly less accurate. Understanding the proxi-
mate factors influencing the breeding and migratory
behaviors of birds at high latitudes is essential in
understanding the likely influence of changing envi-
ronmental conditions on their ecological dynamics.

In many northern regions, migrating birds appear to
be able to adapt to long-term changes in the abiotic
environment. Plasticity in migratory and breeding
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behaviors has allowed some migrating birds to lay their
eggs earlier in response to decreased severity of win-
ters and earlier springs (e.g., Crick et al. 1997; Jenni
and Kéry 2003; Pearce-Higgins 2005), potentially
increasing reproductive output (Lack 1968). Certainly,
rising temperatures during winter and spring are likely
to affect snow cover at tundra breeding sites, but the
timing of snowmelt in these areas may be a more direct
correlate for the timing of breeding. Late snow limits
both nest sites and the food resources of migrant birds
and consequently delay breeding (Holmes 1972; Young
et al. 1995; Babcock et al. 2002). Thus, annual variation
in snowmelt could be an important factor in setting the
timing of the spring migration to breeding sites and
the timing of egg-laying. Delays in breeding caused by
the late snowmelt could then have long-term effects on
the timing of southward migration.

Avian breeding and migration strategies may also
be strongly shaped by the biotic environment. Some
long-distance migrants appear unable to change their
timing to correspond with environmental changes at
breeding sites (Both and Visser 2001). For these
species, migratory timing may be driven primarily by
conditions or events during the non-breeding season
(Both and Visser 2001; Visser et al. 2004; Crick 2004).
Perceived predation risk at migratory stopover sites
may drive the migratory timing and behaviors of some
shorebirds (Lank et al. 2003; Ydenberg et al. 2004). In
particular, the recent recovery of many raptor popu-
lations following decades of decline (Hoffman and
Smith 2003) has the potential to affect the migratory
patterns of their prey species, as migrating birds
encounter greater numbers of predators on their
journey. For example, Ydenberg et al. (2004) docu-
mented decreases in body mass and shortened stop-
over durations in shorebirds migrating through sites
that have become more risky over the past decade.
Furthermore, climate may influence the timing and
abundance of raptors that prey upon migrating birds
(Dawson and Bortolotti 2000), whose migrations may
in fact be timed to coincide with that of their prey
species (Lank et al. 2003). The mechanisms driving
avian breeding and migration are abundant and
complex, but it is evident that we must not only
consider interactions between birds and their envi-
ronment, but also the interactions between birds and
their predators.

Here, we examine how regional weather at breed-
ing sites and the presence of predators during
migration interact to affect the timing of breeding and
southward migration for small arctic-breeding shore-
birds. Western sandpipers (Calidris mauri) are an
ideal model system for examining the mechanisms
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driving these behaviors, as they migrate at an average
of 10,000 km to breed in the arctic and sub-arctic
regions (Wilson 1994). Peregrine falcons (Falco pere-
grinus) are a principal predator of C. mauri during the
non-breeding season (Page and Whitacre 1975) as
well as during migration (Lank et al. 2003; Ydenberg
et al. 2004). The influence of falcon population
dynamics on that of sandpipers is evident: the recent
recovery of falcon numbers in western North America
(Hoffman and Smith 2003) has already led to changes
in some migratory behaviors of migrating sandpipers
(Ydenberg et al. 2004). In this system, both predator
and prey species breed at high latitudes before
migrating to the coastal wintering sites, so northern
climatic conditions may affect both species’ phenolo-
gies. We predict that the timing of the northward
migration and breeding of C. mauri will be strongly
correlated with snowmelt, and the timing of their
southward migration will also be indirectly affected by
snowmelt (when breeding has been delayed). We
predict that the timing of the F. peregrinus migration
back to the migratory stopover sites will correlate
with snowmelt.

Materials and methods
Study species

Calidris mauri are long-distance migrants, travelling
between non-breeding areas along the Caribbean and
Pacific coastlines and a small breeding range centered
in western Alaska and eastern Siberia (Wilson 1994).
Most migrate southward along the Pacific Ocean to
non-breeding sites ranging from the northwest coast of
the United States to Peru (Wilson 1994; Clark and
Butler 1999). Breeding takes place in late May to early
July (Holmes 1972; Neville 2002; Ruthrauff 2002), and
southbound adults move through British Columbian
stopover sites beginning in July, followed a month later
by juveniles (Butler et al. 1987).

The migration of F. peregrinus through these stop-
overs coincides with the sandpipers’ timing, both in
spring and autumn (Butler et al. 2003). Like their
shorebird prey, many F. peregrinus migrate between
tundra and forest breeding sites in western Canada and
Alaska and wintering sites in Central and South
America. In fact, the southbound passage of adult and
juvenile falcons along the west coast of North America
has been likened to a ‘tsunami’ (Butler et al. 2003) that
sandpipers must attempt to avoid, as falcons constitute
a major predator of sandpipers during their migration
(Ydenberg et al. 2002).
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Timing of snowmelt in breeding regions

We derived an annual regional snowmelt index date
from weather records (c.f. Foster 1989) available at
three sites spanning the breeding range of C. mauri in
Alaska (see Holmes 1972). Daily records of snow
depth were available from Bethel (60°47.0'N,
161°50.0'W), Emmonak (62°47.0'N, 164°29.0'W), and
Nome (64°30.0'N, 165° 25.8'W) for the years 1978 to
2000 (National Data Centers, National Oceanic and
Atmospheric Administration 2000). We defined the
date of snowmelt at each site as the last day on
which >1.25 cm (0.5 in.) snow depth was registered,
and took the average date of snowmelt across all sites
as our regional snowmelt index date. This depth was
selected according to the limitations of the meteoro-
logical data and was deemed to have minimal effect on
sandpiper nesting capabilities. Snow depths were not
recorded at Nome in 1998 or Emmonak in 1986, 1992,
or 1994-2000, and thus the number of sites available on
which to base the annual index was one (1998), two
(1986, 1992, 1994-2000) or three (all other years).
Timing of snowmelt was on average 3 weeks earlier at
the Bethel site than the other two locales, which were
very similar to each other, but the actual difference
among the sites varied widely among years.

Overall, we believe that our composite index satis-
factorily represents the timing of snowmelt western-
coastal Alaska. However, we recognize that conditions
could occasionally vary greatly between specific locales
across the breeding range of C. mauri. For example, in
one year our regional index date differed substantially
from snowmelt dates reported by Babcock et al. (2002)
at a particular site on the Yukon-Kuskokwim Delta
(1998: snowmelt on the local day-of-the-year 94 vs.
regional day 140). This strong discrepancy occurred in
only one of the 17 years in this comparison, and with
1998 excluded there is a strong relationship between
Babcock’s local estimates and our regional index
(r=0.70, P =0.02, N = 16). Note that 1998 was the
only year in which our regional snowmelt date had to
be based on data from a single site. For comparative
purposes, we also ran these analyses incorporating the
snowmelt timing data reported by Babcock et al.
(2002) and excluding the regional data from 1998.

Timing of hatch for small shorebirds

In 1982 and 1985-2000, intensive nest surveys were
conducted in coastal areas of the Yukon-Kuskokwim
Delta in western Alaska (Bowman et al. 2001), during
which the hatch date was estimated for every nest of
several avian species. In these surveys, ‘small shore-

birds’ were grouped together, and included several
Calidrine species (C. mauri, C. pusilla, C. alpina, C.
ptilocnemis), as well as Phalaropus spp. and Arenaria
spp., whose nests could not always be differentiated.
The hatch dates for small shorebirds were similar to
reported hatch timing of C. mauri in western Alaska
(Holmes 1972; Sandercock 1997; Neville 2002; Ruth-
rauff 2002), and small shorebirds breeding in the same
geographical location may exhibit similar temporal
patterns of breeding (Sandercock 1997). In fact, the
timing of hatch was similar for all species in the survey
of Bowman et al. (2001), suggesting large-scale envi-
ronmental effects (Ydenberg et al. 2005). On an aver-
age, 9.4 (+ 3.7) small shorebird nests were found each
year, and we took the mean estimated hatch date as an
index of the hatch timing for C. mauri.

Timing of sandpiper stopover during southward
migration

More than 11,000 southbound adult and juvenile C.
mauri were mist-netted over 18 years between 1978
and 2000 at the Strait of Georgia, British Columbia
(49° N, 123° W). This is the largest and the first major
stopover on the southward migration after departure
from Alaska (Butler and Kaiser 1995). Measurement
methods and criteria for age and gender assignment
are described in Butler et al. (1987) and Ydenberg
et al. (2004). Mist-netting began early in July and
continued until late August.

We used the mean capture dates of adults and
juveniles as indices of passage timing. To minimize bias
due to uneven capture, we restricted estimates for an
age class to years in which at least 20 C. mauri of that
age class were captured over at least a 10 day-time
period. Based on these criteria, we used data from
14 years for adults: 1978-1983, 1985, 1990, and 1995-
2000; and 18 years for juveniles: 1978-1983, 1985,
1989-1990, and 1992-2000. The average numbers of
captures in a year was 316 (range: 23-1,221) adults and
384 (range: 38-1,734) juveniles.

Timing of falcon arrival at sandpiper stopover
during southward migration

The presence of F. peregrinus in the Strait of Georgia
has a strong seasonal rhythm. Standardized 1 h surveys
were conducted nearly-daily beginning in 1986 at the
Reifel Island Migratory Bird Sanctuary (Lank et al.
2003; Ydenberg et al. 2004), located adjacent to the
large tidal mudflats used by sandpipers. These surveys
show that F. peregrinus numbers are low during June
and July, but numbers rise sharply in abundance
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beginning in the late summer and plateau in autumn
(see Fig. 1 in Lank et al. 2003). The onset of this sharp
increase appears to vary greatly between years. To
estimate the timing of this onset, we derived a pere-
grine arrival timing index based on the surveys made
between July 1 and October 31 (123 days) in the years
19862000 (~1,100 surveys), during which about 1,250
F. peregrinus sightings were made. We estimated fal-
con abundance by combining sightings made over 3-
day intervals, to smooth out day-to-day variation in
presence. We then defined falcon arrival timing as the
interval in which the number of falcons present at
Reifel Island reached 50% of the maximum for that
year.

Statistical analysis

We report results using Pearson product-moment cor-
relations, and means =+ 95% confidence intervals.
Sample sizes vary among our analyses because not all
years are represented in all four datasets.

Results

From 1978 to 2000, mean snowmelt occurred in wes-
tern-coastal ~ Alaska on  day-of-the-year 120
(+ 4.4 days), but varied among years by 43 days. Over
the same time period, the mean hatch date for small
shorebirds was about 1.5 months later, on day 174

(+ 4.7 days). Overall, the hatch of small shorebirds
took place earlier in years with earlier snowmelt
(r=10.60, P < 0.01, N = 17), and results were similar
when the snowmelt data of Babcock et al. (2002) were
included and 1998 was excluded (see Materials and
methods) (r = 0.7, P = 0.01, N = 16). More specifically,
the timing of hatch was not related to snowmelt
(r=0.0, N=11) in years when snowmelt occurred
prior to sandpiper arrival (day-of-the-year 125; see
Discussion). However, hatch was significantly delayed
in years when snowmelt took place after day 125
(r=0.77, P < 0.05, N=17), changing by 0.64 days
(r=0.77, P < 0.05, N = 7) for each day that snowmelt
was delayed.

The mean timing of southward passage of adult C.
mauri in the Strait of Georgia was day 198.3
(+ 3.1 days) and occurred on average 25.7 + 6.5 days
after the index hatch date. Migratory timing showed no
correlation with either snowmelt or hatch (both
P > 0.5), likely because the timing of migration was the
least variable of the factors that we considered. In fact,
sandpiper passage timing varied by only 19 days, less
than half the range recorded among years for snowmelt
(Fig. 1). The consistency in migratory timing means
that the observed interval between hatch and migra-
tory passage dates shortened by 1.05 days for each day
that hatch was delayed (r = -0.77, P < 0.01, N =9).
Juvenile C. mauri showed similar patterns to adults,
with a mean southward migratory passage on day-of-
the-year 229.6 (+ 2.3 days) and varying among years by
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Fig. 1 Annual variation in the phenology of Calidris mauri and
Falco peregrinus is shown between northern nesting sites and a
migratory stopover in British Columbia from 1978 to 2000.
Regional snowmelt (black circles) is plotted against itself to form
a 1:1 reference line, with points jittered to reveal any overlapping
data. Above the reference line, the timing of hatch for small
shorebirds in western Alaska is plotted (triangles) in relation to
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snowmelt timing. Finally, the arrival timing of adult sandpipers
(filled squares), falcons (open dots) and juvenile sandpipers
(hashed diamonds) at a migratory stopover site are plotted in
relation to the snowmelt timing. Although snowmelt timing does
not appear to influence the migratory phenology of sandpipers, it
relates very strongly with the arrival timing of falcons at
southbound stopover sites
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only 20 days (Fig. 1). Passage occurred on average
54.3 + 3.6 days after the index hatch date (day 228)
and was not related to either snowmelt or hatch timing
(both P > 0.5). As observed with adults, the interval
between the hatch index date and the passage index
date shortened strongly (by 0.89 days) for each day
that hatch was delayed (r = 0.85, P < 0.01, N = 9).

The arrival of F. peregrinus in the Strait of Georgia
varied among years by 54 days, taking place on average
100.2 + 5.3 days after the regional snowmelt index
date (day-of-the-year 220). The timing of the falcon
index varied significantly with snowmelt (r = 0.81,
P < 0.001, N = 13), advancing by 1.09 days for each
day that snowmelt was earlier, and the result did not
differ when the snowmelt data of Babcock et al. (2002)
were incorporated into the analyses (r = 0.67, P = 0.02,
N =12). The timing of the falcon migration did not
vary directly with the timing of the sandpiper migration
(P> 0.5).

Discussion

We examined how ecological factors may interact and
influence the breeding and migratory behaviors of
birds breeding at high latitude. The timing of breeding
for the sandpipers was related to snowmelt, specifically
for years in which snowmelt occurred after migratory
arrival. However, even years of late snowmelt did not
appear to produce any long-term delays in the south-
ward migration of sandpipers. In fact, we found that
the timing of southward migration by both adult and
juvenile C. mauri was far less variable among years
than the ecological events bounding the breeding sea-
son, namely snowmelt in the spring and the reappear-
ance of F. peregrinus at southward stopover sites in the
autumn. The relatively invariable southward migration
timing of the sandpipers contrasted with that of their
principal predator, which showed dramatic variability
among years and in relation to snowmelt timing. Al-
though there was no direct relationship between falcon
arrival at stopover sites and the migratory passage of
the sandpipers, sandpipers appear more likely to
encounter falcons in years with early snowmelt
(Fig. 1).

Snowmelt was highly variable among years in the
breeding region of C. mauri, but the relationship be-
tween snowmelt and breeding depended strongly on
the estimated timing of sandpipers’ arrival at the
breeding sites. Northward passage of C. mauri
through southwestern British Columbia, Canada,
takes place between days 109 and 130, and peaks on
day-of-the-year 120 (based on surveys in 7 years be-

tween 1992 and 2000; Butler personal communication;
see also Butler et al. 1987). Radio-tracking work
shows that individuals travel rapidly from British
Columbia to the Copper River Delta in Alaska (Iv-
erson et al. 1996), and movement to the breeding
areas follows shortly afterward. Therefore, arrival at
breeding sites probably peaks on day 125 or 130. We
found a mean snowmelt date at day-of-the-year 120,
indicating that the arrival of C. mauri across the
breeding region appears to occur just after the ex-
pected timing of snowmelt. Presumably, C. mauri
cannot predict the actual date of snowmelt when they
set out on migration from their non-breeding areas.
Northward migration is rapid, and with limited
opportunity to advance the arrival date in the course
of the migration, a schedule designed to bring them to
the destination just after the expected (i.e. mean)
snowmelt date appears advantageous.

The mean southward passage of both adult and
juvenile sandpipers varied much less dramatically than
snowmelt or the timing of breeding, and was not di-
rectly related to either of these events. Flexibility in the
length of the breeding period may mask any season-
long effects caused by delays in snowmelt. For exam-
ple, in years of early snowmelt, the interval between
the breeding and migratory passage indices was
35 days for adult C. mauri and 62 days for juveniles. In
late snowmelt years, these intervals shortened to 15
and 42 days, respectively.

The specific mechanisms by which these changes
occur are not clear, but likely result from behavioral
adjustments to breeding or migratory strategies. Con-
ditions at northern post-breeding sites or migratory
stopovers do not appear to force the migratory timing
of C. mauri. In Alaska, 90% of the bird species found
in some pre-migratory staging areas in October are
‘small shorebirds’ (Gill and Handel 1990). In addition,
evidence for declining food abundances at stopovers is
equivocal. Food availability at southward migratory
stopovers in eastern North America declines over the
period of the southward migration for some shorebirds
(Schneider and Harrington 1981; Boates and Smith
1989). In contrast, a study in British Columbia found a
seasonal increase in food abundance for southward-
migrating C. mauri (Wolf 2001). Possibly, the oppor-
tunities for breeding and re-nesting are reduced in
years with late snowmelt for C. mauri, resulting in
fewer adults with parental duties that delay southward
departure, and fewer young hatched. Individual sand-
pipers could possibly speed up the rate of southward
migration by spending less time fattening at early
migratory stopovers, although this is unlikely to be the
case. Assessment of inter-annual variability in body
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condition during the southward migration could eluci-
date some of these questions.

In contrast with the sandpipers, the timing of falcon
arrival on stopover sites during southward migration
shows a strong and consistent relationship with snow-
melt. For F. peregrinus breeding in northern and wes-
tern Canada and Alaska, snow cover is likely to play a
strong role in the timing of food availability, and per-
haps the longer incubation and parental care provided
by breeding falcons limits the flexibility timing of their
breeding season among years with varying snowmelt
timing. Although we are uncertain what proportion of
the falcons sighted in southwestern British Columbia
are from Canadian or Alaskan populations, we
hypothesize that large-scale climate factors such as
position of the Aleutian Low affect the timing of
snowmelt similarly for both predators (i.e., falcons)
and prey (i.e., sandpipers) breeding at the northern
latitudes.

Several recent studies have evaluated trends in the
timing of breeding and migration with respect to
changing climate (e.g., Crick et al. 1997; Stevenson and
Bryant 2000; Both and Visser 2001; Jenni and Kéry
2003) or predator landscapes (e.g., Ydenberg et al.
2004). The data reported here suggest that advances in
the date of snowmelt caused by climate change may
produce species-specific effects on the migratory tim-
ing of some species of birds. In this case, the predatory
species (F. peregrinus) appears to respond more
strongly to annual variation in snowmelt than does the
prey species (C. mauri). This means that early snow-
melt years may correspond with relatively more dan-
gerous southward migrations for C. mauri, because in
these years the sandpipers may be more likely to
encounter falcons. Our work highlights the need to
consider the climate change effects in an ecological
framework including inter-specific interactions. We
believe that the future work on climate change will be
of greater value if organisms are not merely considered
in isolation, but as part of a greater predatory—prey
ecosystem.
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