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Strong Migratory Connectivity in a Declining Arctic Passerine
(Migratory connectivity in an Arctic passerine)

Abstract

Determining how animal populations are linked in space and time is
important for identifying factors influencing population dynamics and
for effective conservation and management. Arctic-breeding migratory
passerines are declining and at risk due to forecasted climate change, but
are a challenge to monitor due to their inaccessible breeding locations,
long-distance migration routes and small body size. For the first time, we
combine sub-gram geolocator technology and stable-isotope analysis with
mark-recapture (banding) and citizen science data to determine patterns
of migratory connectivity for multiple populations of a declining North
American Arctic-breeding passerine, snow bunting (Plectrophenax nivalis).
We show strong evidence for an east-west parallel migratory system, with
Hudson Bay acting as a migratory divide. While band recoveries suggest
strong migratory connectivity among eastern wintering populations
(more than 95% of band recoveries reveal connections between western
Greenland and eastern North America), novel application of geolocators
and stable-hydrogen isotope analysis to a Canadian breeding population
revealed a high degree of migratory connectivity within western North
American wintering populations. Our results also show distinct differences
in migratory distance between eastern and western populations, and
illustrate how applying multiple techniques can effectively be used to track
migration patterns of remote populations. Differences in annual distribution
and migratory distance suggest that separate consideration of eastern
and western wintering populations may improve future conservation and
management efforts for this species.
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Introduction

Determining links between populations of migratory animals
across the various stages of the annual cycle is necessary for
understanding population dynamics and for effective wildlife
conservation and management [1]. Long-distance migratory
songbirds pose particular challenges as breeding and non-
breeding areas may be thousands of kilometers apart, migratory
connectivity [2] has been determined for few species, and small
body size has limited direct tracking using devices such as
satellite transmitters [3]. Arctic-breeding migratory passerines
may be the most difficult migrants to study because their polar
breeding distribution represents a challenging environment that
is relatively inaccessible to researchers. Additionally, nomadic
winter movements may be unpredictable and cover great
distances [4,5] making it difficult to define population boundaries
or monitor population trends. As a result, the migratory
connectivity of most Arctic-breeding passerines has never been
assessed. These challenges have led to a poor understanding
of declining population trends [6], which is of particular concern
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considering broad-scale habitat changes predicted for high
latitudes [7].

The snow bunting (Plectrophenax nivalis) is a small (<50g)
circumpolar Arctic-breeding passerine that, in North America,
overwinters throughout southern Canada and the northern
United States (Figure 1). While a common and globally abundant
species (est. 40 million adults) [8], recent evidence from a long-
term North American winter census (the Christmas Bird Count
- CBC) suggests that this species has undergone a range-wide
population decline of 64% over 40 years [9], particularly in the
western wintering range (O. Love, unpublished data), which
contains a high proportion (approx. 75%) of the North American
wintering population (eBird 2012). Broad-scale citizen science
driven surveys (e.g. CBC) and regional observations (e.g.
databases such as eBird) can provide valuable information for
detecting general changes in the distribution and abundance of
many passerines [9]. However, we remain limited in our ability to
effectively respond to those changes without first identifying the
spatial linkages of populations across more than one life history
or migratory stage (i.e. migratory connectivity). Only then can
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we link regionally-specific population trends with limiting factors
throughout the annual cycle [1].

Like many other passerines, banding effort in snow buntings
has had a recovery rate of less than 0.5% (estimated <2%
across all passerines) [10]. Nonetheless, with >70,000 snow
buntings banded since 1930, these data are still useful for
suggesting broad movement patterns since recoveries span the
breeding and non-breeding (wintering) stages. Stable-hydrogen
isotope analysis has yielded important insights into range-wide
migratory connectivity patterns of small passerines [10-13] and
can supplement mark-recapture data where band recoveries are
sparse [10,13]. Additionally, the recent application of archival
light-level loggers (geolocators) to track small passerines has
provided novel insight into the specific migratory routes and
timing for tagged individuals [14-18]. However, this direct-
tracking technique requires the recapture of tagged individuals
for data retrieval, and several recent studies have resulted in
relatively low sample sizes of tracked individuals [14-17, although
see 18]. Ideally, studies should take advantage of the opportunity
to integrate multiple techniques to examine movement patterns
and identify possible mechanisms driving regional population
declines.

In this study we combine multiple tracking techniques to
reveal patterns of migratory connectivity of North American snow
bunting populations. Historically, banding and encounter records
have been limited to the eastern part of the species range (96%
of encounter records occur east of -86°W). No banding records
currently provide information on the geographical linkages of
Canadian breeding populations (Figure 2). Here, we use stable-
hydrogen isotope analysis and light-level geolocators to identify
the wintering range of a Canadian breeding population, and
test whether this eastern band encounter bias is due to strong
migratory connectivity within eastern and western migratory sub-
populations (i.e.: parallel migration system). This research is the
first to track multiple populations of an Arctic-breeding migratory
passerine throughout its entire North American migratory cycle,
and can provide a model for understanding movement and its
influence on population dynamics for this, and other Arctic-
breeding passerines.

Methods

Authorization for the use of experimental animals:

All animals were handled in accordance to guidelines and
protocols approved by the Canadian Council for Animal Care as
reviewed by Environment Canada, bird banding permit (10808)
issued by the Environment Canada, scientific collection permit
(0276) for tissue sampling issued by the Canadian Wildlife
Service and under University of Windsor Animal Utilization
Project Proposal (AUPP # 9-14).

Mark-recapture data

We obtained mark-recapture data from the Canadian Bird
Banding Office (for data on snow buntings banded in North
America) and the Copenhagen Bird Ringing Centre (for data on
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Figure 1. Annual distribution of snow buntings (Plectrophenax nivalis)
in North America. Species distribution dataset for provided by
BirdLife International and NatureServe (2011). Map generated

using ArcMap v. 10.0 (ESRI 2010).
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Figure 2. Inter-seasonal movement patterns of Nearctic snow buntings
illustrated through band recovieries originating from (a)
Greenland (Copenhagen Bird Ringing Centre, 2012) and (b)
North America (Canadian Bird Banding Office, 2011). Dashed
lines represent a proposed east-west migratory divide around
Hudson Bay. Question marks represent breeding areas with no
corresponding winter or migration band recoveries. Lines link
banding and encounter sites, but do not represent the actual

path travelled by individual birds.
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birds banded in Greenland) from 1930 to present (n = 347). We
filtered data to remove encounters that represented movements
of less than 200km (following [19]). We grouped banding and
encounter locations to represent the annual stages of breeding
(June-August), fall migration (September-October), wintering
(November-March) and spring migration (April-May) (following
[20]). The resulting dataset included a total of 69 inter-seasonal
band encounters used to estimate migratory connectivity
(Figure 2), and 23 intra-seasonal band encounters used to
identify migration routes (Figure 5). Maps of band encounter data
were generated using ArcMap (version 10.0, ESRI).

Field methods

We captured snow buntings at Mitivik Island (East Bay Island)
in the East Bay Migratory Bird Sanctuary, Nunavut, Canada
(64°01°N, 81°47°W) (Figures 3 and 4). For stable isotope analysis,
we collected a 2mm sample from the left hind claw tip during
the spring migration and breeding arrival period (May 25-June
15, 2010 and 2011) from migrant and breeding adults, and
stored samples in paper envelopes until laboratory analysis. We
deployed 90 light-level geolocators (British Antarctic Survey,
BAS, MK12S in 2010 and MK20AS in 2011) on post-breeding
adults and fledged juveniles. Geolocators were deployed during
the post-breeding period (July 15-30™) using a leg-loop harness
[21] and 2.5mm Teflon ribbon [14]. Total mass of the attachment
(1.1g, geolocator plus harness) represented 3.01%+0.25 (SD,
n=310) and 3.23%+0.32 (SD, n=213) of male and female body
weight, respectively, for birds captured at East Bay Island
during the breeding season (May-July); this represents <56%
recommended limit of body weight [22]. Geolocators were
retrieved in June 2011 and 2012.

Light data analysis
Geolocators measured ambient light levels every 60s and recorded
maximum light intensity for every 120s interval. Transitions were
visually displayed and ranked for confidence using the software
TransEdit (version 19.0, BAS). Transitions indicating sunset and
sunrise events were defined using a light threshold of 5. We
determined the average sun elevation that corresponded with this
light threshold at the breeding site for each geolocator model (-4.15
for MK12S and -4.02 for MK20AS) using the software LocatorAid
(BAS) for a portion of the pre-migration period where clear sunrise
and sunset periods were observed (July 15-30™). Because light-
levels can be obscured by cloudy weather or shading events on
the light sensor [23], and such errors can be converted to errors
in estimates of longitude and latitude, we included only locations
calculated from high-confidence transitions (i.e.: confidence =6;
see [14]). We excluded latitude estimates for 15 days on either
side of the fall and spring equinoxes (Sept. 7-Oct. 7 and March
5-April 5) because day length is equal at all latitudes during these
periods, and relied on longitude estimates during this period to
determine directional changes.

We present annual distribution estimates for the East
Bay Island breeding population (n=13) during the fall
migration, wintering and spring migration periods (Figure 3).
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Figure 3. Annual distribution of a Canadian-breeding snow bunting
population tracked with geolocators (n=13) from East Bay
Island, Nunavut (2010-2011 and 2011-2012). Maps represent
90, 75 and 50% kernel density of daily location points
combined for all 13 tracked individuals. Range of dates
represents earliest initiation and latest completion date of each
stage across all 13 individuals. * represents mean wintering
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Figure 4. Estimated wintering origin of a Canadian-breeding snow
bunting population at East Bay Island using stable-hydrogen
isotope analysis of claws collected during the spring arrival
period (May 25-June 15, 2010 and 2011).
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Additionally, we present the mean wintering locations of all
13 individuals successfully tracked (Figure 3b) to show the
variation in wintering sites of all individuals. We defined a stop
in movement as the date at which the directional change in
longitude consistent with migration is followed by a stationary
period (10-day mean longitude has a standard deviation
<1). We defined start of movement as directional change in
>5 degrees longitude over a 24-hour period resulting in a
new location that is >2 degrees different from the previous
10-day mean. Distributional maps were generated using
the spatial analyst tool in program ArcMap (v.10.0, ESRI) by
estimating the 50, 75 and 90% maximum kernel densities of
point locations (following [15,24]). Kernel density estimates
represent periods of movement, stationary periods (i.e.:
stopovers), as well as some amount of error in daily position
estimates [23]. However, we reduced the relative contribution
of error to these distribution estimates by weighting the
contribution of each point by its confidence ranking, such that
low quality location estimates contribute proportionally less to
the kernel density estimates.

Stable-hydrogen isotope analysis

Claws were prepared and analyzed according to standard
stable-hydrogen isotope protocols for keratin [25,26]. Samples
were placed in a drying oven at 100°C for 24h to remove surface
moisture, which can contribute greater than 7% of the measured
signal in keratin [27]. To account for the effects of exchangeable
organic hydrogen we used a comparative equilibration technique
[28] using calibrated keratin standards; THS (-38%.), EC2
(-54%o), Spectrum KP (-122%.) and EC1 (-197%o.). Standards
were weighed to the same target weight, allowed to equilibrate
with local atmosphere alongside samples for at least 72 hours
before analysis, and analyzed concurrently. After analysis we
adjusted our raw sample values based upon known values of
keratin standards [28]. All values are reported in permil (%o),
relative to the standard Vienna standard mean ocean water
(VSMOW) according to the formula: &°H = [CH/'H, . *H/H . .00
— 1] x 1000. Replicate samples were repeatable to 6%o +4 (SD;
n=9).

Because claw tissues reflect a period of continuous growth
along their length (2-5 months within 1-2mm, or 3-7weeks
within 0.08 to 0.22mg of the claw tip) [25,26] claws sampled
at arrival are expected to represent winter growth. We used
likelihood-based assignment tests to assign the &°H values
of arrival claws to one of four wintering regions (Figure 4;
mountains - M, northwest - NW, northeast - NE and southeast
- SE) selected following known patterns of isotopic variation
in precipitation [12] and encompassing the known wintering
range of snow buntings [29] (Figure 4). We obtained mean
annual precipitation 32H values for 30-50 randomly selected
locations within each of the 4 regions using the Online Isotopes
in Precipitation Calculator (OIPC) [30] and extracted mean+SD
for each region and applied a discrimination factor of -25%.
[12] to account for the fractionation of &H between keratin
and precipitation. We also calculated the relative abundance
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Figure 5. Intra-seasonal movements of Nearctic snow buntings
illustrated through band recovery data within wintering and
spring migratory periods (banding data from the Copenhagen
Bird Ringing Centre and Canadian Bird Banding Office). Lines
link banding and encounter sites, but do not represent the
actual path travelled by individual birds.

of snow buntings in each of the four wintering regions using
observational data from the eBird reference dataset [31]. Arrival
claws were assigned a probability of origin based on a standard
likelihood function incorporating mean and standard deviation
of 82H values, and relative abundance for each region [32,33].
We only considered individuals with resulting assignment
probabilities of 50% or higher [32].

Results

Band Recovery Data

Of the 71,277 snow buntings banded in North America and
Greenland between 1930 and 2010, 92 were encountered at a
distance of >200km from their original banding site (Canadian
Bird Banding Office, unpublished data) (Figure 2 and 5). In total
96% (66 of 69) of inter-seasonal and 91% (21 of 23) of intra-
seasonal band recoveries show linkages between wintering sites
within eastern North America), migration routes throughout the
Gulf of St. Lawrence, Newfoundland and Labrador, and breeding
sites in western Greenland (Figure 2).

Geolocators

Migration Timing

Individuals departed from the breeding grounds at East Bay
between Sept. 23-Oct. 6 in 2010 and from Oct. 8-10in 2011. Fall
migration spanned 25+5 (SD, n=6) days in 2010; and 185 (SD,
n=7) days in 2011. Arrival to the wintering grounds was between
Oct. 20-28 in 2010; and Oct. 22-Nov. 4 in 2011. The wintering
period was similar between years and spanned an average of
192+7 days (SD, n=11), representing 50-54% of the annual
cycle. Spring migration was initiated between Apr. 28-May 8 in
2011 and Apr. 28-May 10 in 2012, representing a period of 40+4
(mean+SD, n=4) days in 2011 and 31+5 (mean+SD, n=7) days
in 2012.
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Annual Distribution

All thirteen birds migrated to the western part of the species’
North American wintering range. Mean wintering locations
for individuals spanned 5.5° latitude and 11.3° longitude,
including one U.S. state (North Dakota) and three Canadian
provinces (Manitoba, Saskatchewan and Alberta) (Figure 3b).
Batteries in four of the thirteen geolocators failed at various
dates (December 4, 2010, and January 25, May 19 and May 29,
2011) prior to retrieval at the breeding site (June 2011). Thus,
for two individuals tracked between 2010-2011, mean wintering
locations were calculated using daily point locations for only a
partial wintering period and did not contribute point locations
for spring migration. Estimated population distribution of 90%
kernel densities for fall migration period represented a span of
almost 20° latitude (Figure 3a) over a period of 22+6 days, with
individuals initiating fall migration as early as Sept. 23 (2010) and
completing no later than Nov. 4 (2011). Distribution of 90% kernel
density for spring migration represented a narrower latitudinal
span of ~7° (Figure 3b) over an average of 34+6 days.

Stable-hydrogen Isotope Analysis

Our results indicate that snow buntings breeding and migrating
through East Bay Island preferentially overwinter in the Great
Plains and prairies of southern Canada and the northern United
States (Figure 4). Snow buntings were most abundant in the NW
region, followed by NE, M and SE (Table 1). After incorporating
relative abundance into the assignment tests, a total of 67
individuals were assigned to wintering regions (Table 1). There

was no sex-bias in the assignment probabilities, with each sex
representing 50% of assignments to each region, except where
only one individual (male) was assigned to SE. For the stopover
migrants, 100% were assigned to the NW region, whereas, 80%,
18%, 2% and 0% of breeders were assigned to NW, NE, SE and
M regions, respectively.

Discussion

Using a novel combination of tracking methods and citizen
science data, our results reveal that snow buntings breeding
in the Canadian Low Arctic have a high degree of migratory
connectivity with the western North American wintering range.
Furthermore, 96% of band recovery data linked the eastern
wintering populations with migration routes and breeding sites
in eastern North America and Greenland (east of -86°W). This
range-wide pattern of connectivity suggests a parallel migration
system, with Hudson’s Bay acting as a migratory divide between
eastern and western migratory sub-populations. This result
considering that another broadly-distributed
Arctic-breeding passerine showed relatively weak connectivity,

is surprising,

with tracked individuals sharing a broad wintering region in
equatorial Africa [17]. This result is, however, relevant for applied
conservation of the snow bunting, as regional declines vary
between populations occurring on either side of this proposed
migratory divide (O. Love, unpublished data). We also found
that the wintering period makes up more than half the annual
migratory cycle and individuals may spend more time at spring

Table 1. Results of probability-based assignment tests of 3°H values for claws collected from snow buntings at East Bay Island during the spring
arrival period (May 25-June 15, 2010 and 2011). Mean &°H values for precipitation were calculated using the Online Isotopes in Precipitation
Calculator [30], and adjusted using a 25%. discrimination factor for keratin [27]. Estimates of relative abundance for each wintering region
were calculated using observational data from the eBird online database [31].

VERSITA

Wintering Region M NW NE SE
Calculated mean+SD §2H for precipitation (%o) -108+19 -75+9 -101+18 -58+7
Adjusted mean+SD &%H for precipitation (%o) -133+19 -100+£9 -126+17 -83+7
Proportion of samples assigned, not incorporating abundance (%) 53.4 16.4 21.9 8.2
Relative abundance (%) 12.6 61.6 16.1 9.7
Proportion of samples assigned, incorporating relative abundance (%) 0 86.6 11.9 1.5

Table 2. Contributions of each method used to track North American snow bunting populations in this study.

Annual Relative Timing of Migratory . - « L.
Distribution Abundance Migration Connectivity Migratory Divide | Forest “Barriers
Band Encounter v v v v v
Records
Citizen Science v v v v
Observations
Geolocators v v v v v
Stable-hydrogen Isotope v v v
Analysis
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migratory stopover sites than is necessary to refuel energy
reserves for migration [34], suggesting some additional function
of these sites.

Band Recoveries

The route that eastern wintering populations take along the
Gulf of St. Lawrence to breeding sites in western Greenland
represents a much greater annual migration distance when
compared to a more direct line path (potentially adding up to
2000 km per year when travelling between southern Ontario
and Greenland). These data suggest that either large areas of
Boreal forest in Ontario and Quebec act as a barrier to migration
or that this species relies on southern coastal habitats during
spring migration, or both. Snow buntings follow the advancing
snowmelt during spring migration, migrating along the margin of
snow-free areas where they forage on emerging berries, seeds
and insects [35]. Coastal areas, with a more moderate annual
climate regime, may provide relatively less harsh (e.g., largely
snow-free) northern routes to Greenland when compared to
a more direct continental route (through interior Quebec), or
an alternative coastal route (migrating north along the eastern
shores of Hudson Bay and the Ungava Peninsula). These coastal
routes may allow snow buntings, especially early-arriving males
[35], to migrate northwards earlier than expected based on snow
cover in interior regions.

Geolocators

Geolocators provided novel insight into the temporal patterns of
migration, as well as identified an important migration stopover
area used by this population during spring and fall migration
periods (Figure 3). Timing of migration estimated by geolocators
closely matched seasonal arrival and departure observations
from citizen-science reports compiled online using eBird [31].
Additionally, geolocator data suggests that spring migration in
snow buntings takes on average 12 days longer to complete
than fall migration. This result is unique amongst songbirds,
as spring migration is generally shorter [14,18,34]. However,
the spatiotemporal distribution of individuals during the spring
migration period (Figure 3b) suggests that long stopovers
(represented by high density areas) account for much of this
period, with relatively short flights (low density areas) across the
Boreal forest and on route to and from the breeding site. Future
priorities for this species should include determination of the
value or function of these stopover sites, which may provide
important nutritional resources to refuel migration. Alternatively,
because snow buntings are one of the earliest spring migrants to
arrive at Arctic latitudes, they constitute an important part of the
diet for early arriving predators such as peregrine falcons (Falco
peregrinus), before many terrestrial mammals or other avian prey
species are available (Alastair Franke, unpublished data). Thus,
these spring migration stopovers may serve as “muster” points
where snow buntings form large flocks to forage sufficiently while
remaining vigilant against potential predators during migration
[37]. Future geolocator analysis or deployment from other breeding
populations could reveal additional important migratory stopover
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sites, patterns of sex-specific migration strategies, or individual
plasticity in timing and route selection for migration [18].

Kernel density estimates of the wintering range for this
population show a high degree of migratory connectivity. Mean
wintering locations are provided only to illustrate the variation
among individual wintering locations (Figure 3b). However, these
location estimates (or movement centers) do not represent
individual stationary wintering sites, because snow buntings are
nomadic during the winter, travelling several hundred kilometers
across a single winter (Figure 5). Because observations of wintering
snow buntings occur south of the Boreal forest [31], and migration
stopovers were found north of the Boreal forest boundary (Figure 3),
these forest habitats may be unsuitable for migration or wintering
and act as a type of barrier, such that migration occurs primarily
along coastal or de-forested inland corridors. Additionally, while
anticipated effects of increasing temperature with climate change
predict that many species will experience northward range
expansions [7], snow buntings may be limited in their ability to
expand into Boreal forest regions. Finally, due to the challenges of
studying multiple breeding populations in the Arctic, and because
more than 50% of the annual cycle is spent on the wintering
grounds, wintering habitats may represent the best areas for future
monitoring and management of Arctic passerines.

While the recapture rates in 2011 and 2012 were comparable
to previous years of study (2008-2010), because geolocators
were attached to all post-breeding adults during deployment
years (i.e. no control group), we were not able to estimate the
effect of geolocators on inter-annual survival rates for this
population. However, a recent study using similar attachment
methods on an aerial foraging passerine (purple martin, Progne
subis) found no effect of geolocators on survival [36]. Thus, for
snow buntings, which forage on the ground and have shorter
annual migration distances, we estimate that the additional
weight and drag caused by geolocators had little to no effect on
inter-annual survival rates.

Stable Isotope Analysis

Results from stable-hydrogen isotope analysis of claws added
further support for strong migratory connectivity and the
hypothesis of an east-west parallel migration system in Nearctic
snow buntings. Although a greater degree of uncertainty is
associated with this indirect tracking method compared to
geoloctaors [3] to estimate individual origin, stable isotope
analysis allowed us to incorporate origin estimates for a greater
number of individuals compared to direct tracking methods
alone. Thus, estimating population origin using stable isotopes
can easily occur following only a single season of sampling.
Given the length of the wintering and spring migration periods
estimated by geolocators (approx. 6 months and 1 month,
respectively), and assuming the widest range of claw growth
rates reported in claw turnover studies [25,26], we estimate that
the standardized claw samples collected at breeding arrival and
analyzed in our study reflect integration of 8°H within a period
of 1-7 months and, thus, represent 6°H values of the wintering
area. Additionally, results from individuals tracked using both
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geolocators and stable-hydrogen isotope analysis provided
similar estimates of wintering origin; however, the low sample size
of ‘dually-tracked’ individuals in this study (n=4) prevented us
from conducting a robust comparison of these two techniques.

Data collected by citizen scientists is proving increasingly
important for assessing the population status of migratory
bird populations [9,38]; these observational data were useful
for incorporating a measure of abundance in our assignment
tests that was not available by any other means (i.e. Breeding
Bird Survey). Incorporating relative abundance changed 68%
of assignments when compared to tests based on equal
abundance. This effect is high compared to other studies (i.e.:
5.9%) [33], which illustrates the importance of incorporating
abundance into assignment tests for species such as snow
buntings with high inter-region variation in abundance.

Conclusions

Our combination of multiple tracking techniques provided
novel insights into the migratory patterns of Nearctic snow
bunting populations throughout their breeding and wintering
range and represents the first time a migratory passerine
has been tracked throughout the full North American annual
cycle. Our results provide strong evidence of east-west
patterns of migratory connectivity and migration distance,
which may be particularly relevant for conservation because
long-term population trends vary across this migratory divide.
Evidence that some populations may exist entirely within
the boundaries of one or two countries suggests that North
American nations, especially Canada, hold a significant global
responsibility for the successful conservation and management
of this species. By integrating spatial information from multiple
concurrent sources, researchers can improve the strength of
future population models aimed at predicting the response of
populations to limiting factors occurring over the annual cycle,
leading to more effective conservation and management of
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