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Widely distributed breeding populations of
Canada warbler (Cardellina canadensis)
converge on migration through Central
America
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Abstract

Background: To effectively conserve migratory species, the entire range encompassed by their annual life cycle
needs to be considered. Most research on Nearctic-Neotropical migratory birds has focused on the breeding
grounds resulting in a general lack of knowledge regarding the wintering and migratory periods. The Canada
Warbler (Cardellina canadensis) has declined by 71% from 1970 to 2012, at a rate of 2.9% per year, and is listed as
Threatened in Canada. As with most Nearctic-Neotropical migrants, conservation efforts outside the breeding range
are limited by a poor understanding of migration routes and the connectivity between specific breeding and
wintering populations.

Results: To determine migratory routes of multiple breeding populations of Canada Warblers, we directly-tracked
individuals using light-level geolocators deployed at four sites across the breeding range, spanning approximately
43 degrees in longitude (Alberta, Manitoba and Québec, Canada, and New Hampshire, USA). Twenty-five geolocators
with usable data were recovered from three sites and were analyzed using FlightR to determine fall migration routes
(n = 18) and individual wintering sites (n = 25). Individuals from all breeding populations took a western fall migration
route at the Gulf of Mexico; with 77.8% of birds funnelling into a narrow geographic space along the western side of
the Gulf of Mexico (97°W-99°W). We found no evidence for population-specific, parallel migration routes. Most
individuals (72%) overwintered in Colombia. The remaining individuals overwintered in Venezuela.

Conclusions: Our results demonstrate convergence of migratory routes around a migration barrier for individuals
originating from widely distributed breeding areas. Further, we suggest the potential importance of habitat around the
Gulf of Mexico during migration and Andean forest in Colombia as overwintering habitat for this threatened species.
Future research should be directed at understanding how these areas are used by Canada Warblers.

Keywords: Migration, Geolocators, Songbird, Nearctic-Neotropical migratory birds, Canada warbler, Cardellina canadensis,
Gulf of Mexico, Conservation
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Background
More than half of the birds that breed in North America
are migratory, and many are experiencing rapid popula-
tion declines [1–3]. From 1970 to 2017, an estimated 2.5
billion individuals of migratory bird species have been
lost in North America alone [4]. Long-distance migrants
are particularly at risk, with steeper declines than their
short-distance counterparts [5]. Most research on migra-
tory species has been focused on the breeding grounds
with migration being the least understood portion of the
annual cycle [6]. Recent technological innovations now
allow for year-round tracking of migratory songbirds
by using archival light-level geolocators [7–9]. These
units record time of day and light-level data which
together can provide locations for each day that the
unit is on the bird. These units are now small
enough to be able to track small songbird migrants
(less than 10 g), including warblers [8–11]. Tracking
species-at-risk year-round can yield new insight into
the migratory and overwintering ecology of the spe-
cies, providing invaluable information to effectively
manage declining populations and determine conser-
vation priorities [7, 9, 12–14].
The Canada Warbler (Cardellina canadensis) is a

long-distance Nearctic-Neotropical migrant, and a species-
at-risk listed as Threatened in Canada, where approxi-
mately 3 million individuals or 75% of the global population
breeds [15]. The Canada Warbler breeds across the boreal
forest in Canada and in the northeastern United States
[15, 16] and overwinters in northwestern South America
from the Amazon Basin into the Andean foothills of
Venezuela, Ecuador, Colombia, Panama, and Peru [17].
Based on long-term Breeding Bird Survey data, this spe-
cies has experienced a population loss of 71% from 1970
to 2012 [18], declining range-wide at a mean rate of 2.05%
per year from 1966 to 2015 (95% CI [− 1.3, − 2.8] [3];).
Over this period, the annual population trend was − 2.82%
in Alberta (95% CI [− 6.03, 0.00]), − 0.44% in Manitoba
(95% CI [− 2.70, 1.81]), − 3.02% in Québec (95% CI
[− 4.76, − 1.22]) and − 5.2% in New Hampshire (95%
CI [− 6.53, − 3.84]) [3]. The cause of these population
declines and factors contributing to the varying rates
of decline across the range are unknown [15]. These
may be driven by factors at any point in the annual
cycle, including the little-studied migration and overwin-
tering periods [19]. Most existing research on Canada
Warblers to date has been focused at the breeding
grounds (see [20–24]), and knowledge of migratory and
overwintering ecology is limited due to the low recovery
rates of banded birds (0.19% or 188 of the 98,967 Canada
Warblers banded in Canada and the United States from
1960 to 2015 [25]; Supplemental Figure 1), leaving a sig-
nificant knowledge gap in our understanding of migratory
routes and connectivity.

Despite the low recovery rates of banded birds, gener-
ally, Canada Warblers are thought to migrate from their
breeding grounds through Central America to South
America, avoiding any major water crossings (i.e., the Gulf
of Mexico) [17, 18, 26] (see also Supplemental Figure 1).
This migration route has been substantiated by numerous
reports of Canada Warblers migrating over Central Amer-
ica [27–32] (see also Supplemental Table S1). Canada
Warblers encountered in the Caribbean and Atlantic dur-
ing the migratory period have been classified as vagrants
(Table S1), as these individuals were observed outside of
their known range. Migration routes over the Caribbean
have been deemed unlikely, owing to the perceived infre-
quence in these observations, as well as other evidence in
support of overland migratory routes [33–35]. However,
some species of small songbirds migrate between North
and South America using a trans-Atlantic migration
routes [8, 10]. There are 57 records of Canada Warblers
on eBird for the Caribbean Islands dating from 1990 to
2016, 51 of which (89%) were observed in the fall, and 46
(80%) observed in Bermuda ([36], accessed February
2016). Additionally, there are numerous published records
of Canada Warblers in the Caribbean and Atlantic during
the fall migration period (Table S1), leaving open the
question of the potential for trans-Atlantic migration
paths of some individuals.
Several migratory songbirds exhibit population-specific

migration routes and wintering sites (termed strong mi-
gratory connectivity) [36], emphasizing the importance
of investigating patterns in annual movements of indi-
viduals and populations. Population-specific migration
routes and wintering sites, such as parallel migration
patterns, whereby birds from the western limit of the
breeding range migrate to and overwinter in the western
portion of the range and eastern birds to the east, mini-
mizes the distance travelled during migration, reducing
the energetic costs [37]. Such patterns have been docu-
mented in several songbird species [38–40]. Furthermore,
isotopic research on Canada Warblers in the wintering
grounds connotes strong migratory connectivity between
breeding areas and overwintering sites in the Colombian
Andes and suggests the potential for parallel migration
patterns, as individuals that overwintered in the eastern
cordilleras originated from the eastern breeding range, and
individuals from the western cordilleras originated from the
west [41]. The presence of strong migratory connectivity
may be reflected in disparate population trends across the
breeding grounds [3], due to variable levels of threats and
risks associated with different routes [42] and overwintering
sites [39] for different populations. It follows that develop-
ment of effective conservation strategies may require
population-specific approaches for species exhibiting strong
migratory connectivity, and further highlights the need to
substantiate the migration route(s) of the Canada Warbler.
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Here, we used light-level geolocators to delineate the
fall migration routes of Canada Warblers originating
from four different breeding populations across their
range in North America. We predicted that Canada
Warblers will exhibit population-specific migration routes
with a parallel migration strategy (i.e., birds originating
from the western extent of the breeding range will use
overwintering sites in the western extent of the overwin-
tering range, and birds breeding in eastern North America
are most likely to exhibit a trans-Atlantic migration path
to eastern extent of the overwintering range). To
characterize migration strategy, we sought to: 1) identify
the degree of variation in fall migration routes of Canada
Warblers from different populations; and, 2) identify their
overwintering areas.

Methods
Field methods
We deployed 40 geolocators in Alberta in 2014 and an
additional 114 geolocators across the breeding range in
2015 (Table 2). To increase the probability of successful
data collection and recovery, we deployed three different
types of geolocator models: Migrate Technology Ltd.
models W30Z11-DIP, W50Z11-DIP, and Biotrack model
P30Z11–7-DIP (referred to as W30, W50 and P30 re-
spectively hereafter). These geolocator units vary in
mass, size and battery life (Table 1), but all weighed less
than 5% of the bird’s total body mass including har-
nesses, as suggested by Fair et al. [43]. To deploy the
units, we used a modified Rappole and Tipton [44] leg-
loop harness made of polypropylene thread or Stretch
Magic (Table 1). We individually fitted the polypropyl-
ene thread harnesses to birds, whereas we prefabricated
the harnesses made with Stretch Magic as recommended
by Streby et al. [45] using an allometric function to ap-
propriately size them [46].
In June of 2014 and 2015, using mist nets (30 mm

mesh; 6 m × 3m) and a song lure, we captured second
year (SY) and after-second year (ASY) male Canada
Warblers on their breeding territories at four different

sites: Lesser Slave Lake Provincial Park, Alberta (55.436°
N, 114.829° W), Whiteshell Provincial Park, Manitoba
(49.917° N, 95.333° W), Canaan, New Hampshire
(43.676° N, 72.055° W) and Forêt d’Enseignement et de
Recherche Simoncouche (FERS), Université du Québec
in Chicoutimi (UQAC), Québec (48.210° N, 71.245° W).
Capture locations were recorded using a hand-held GPS
unit (GPSMAP 64, NAD 83). Once captured, we aged
males using feather characteristics [47], took standard
morphometric measurements and banded each bird with
a federally issued aluminum leg band and up to two
color bands for later visual re-identification. In the year
following deployment, we searched for birds with geolo-
cators within a 500 m radius of the 2014 and 2015
deployment sites [39, 48]. We used the same method for
recapture as was used for initial capture.

Geolocator and statistical analysis
Light-level geolocation approximates geographic coordi-
nates based on light levels and time recorded by the unit
[49]. As outlined by Lisovski et al. [50], the process of
geolocator analysis involves four main steps: 1) identify-
ing twilights, 2) calibration, 3) preliminary location esti-
mates, and 4) refinement of locations. To analyze our
geolocator data, we followed methods outlined by
Rakhimberdiev et al. [51] and Lisovski et al. [50].
We identified twilight times using the ‘threshold

method’ [52] of the ‘BAStag’ Package [53] in R [54]. The
‘threshold method’ derives latitude from day length and
longitude from the time of solar noon [50]. For a twi-
light event to be annotated using this method, the light
intensity needs to cross a given threshold. We used a
threshold level of 1.5, as it was the lowest limit that ex-
cluded any interfering light pollution present at night in
the geolocator data [50].
We calibrated data for the deployment location to ac-

count for device sensitivity and behavioural and habitat ef-
fects that can interfere with the light data. We used the
period post geolocator deployment, when the individual
was stationary on breeding territory, and subsequently

Table 1 Canada Warbler geolocator model information for units that were deployed in 2014 and 2015 for sites in Alberta, Manitoba,
New Hampshire and Québec

Model Type W30Z11-DIP W50Z11-DIP P30Z11–7-DIP

Weight 0.30 g 0.42 g 0.36 g

Approximate battery life 7 months 10months 7 months

Light stalk present No No Yes

Geolocator make Migrate Technology Ltd Migrate Technology Ltd Biotrack

Mass with polypropylene harness 0.320 g 0.440 g –

Average percent of total body mass of unit with polypropylene harness 3.1% 4.2% –

Weight with Stretch Magic harness 0.316 g 0.421 g 0.370 g

Average percent of total body mass of unit with Stretch Magic harness 3.0% 4.1% 3.7%
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calculated simple location estimates using the package
SGAT in R [50] to derive preliminary location estimates.
When day lengths are equal around the world (equi-

nox), sunrise and sunset times become uninformative
measures of latitude. As longitude is derived from the
time of solar noon, it is reliable even during the fall
equinox [51, 52, 55]. We visually compared the raw lon-
gitude values between sites by plotting the individual
longitude coordinates for each bird and the average lon-
gitudinal coordinates per site, including one standard
deviation over time for each. Focus was placed on com-
paring the longitudinal values, due to the overall robust-
ness of the longitudinal coordinates, and owing to the
interest in discerning differences in migration routes that
would have varying longitudinal values. Given that the
deployment locations spanned a large range of longitu-
dinal values, and our prediction that these longitudinal
extents would stay somewhat consistent for the entire
lifecycle, this proved a useful test in assessing this
predictions.
Location estimates were refined using the package

‘FLightR’ [56, 57] in R following methods outlined by
Rakhimberdiev et al. [51] and Lisovski et al. [50].
FLightR uses a particle filter to derive locations from a
twilight model, spatial mask, and movement model.
FLightR yields a posterior probability distribution with a
mean indicating the most probable path taken by the in-
dividual while providing credible intervals. A spatial
mask was applied to reduce unrealistic locations. The
mask restricted stationary locations to land (stationary
locations had to be less than 100 km from land), how-
ever, no restrictions were made preventing travel over
water. The movement model constrained location esti-
mates by making short distance flights common and
long-distance flights relatively rare (as is expected with a
migratory songbird). Coordinates that showed erratic
long-distance movements north or south occurring in
rapid succession during the equinox were further con-
strained, as they were deemed unrealistic and are likely
attributed to equinox error. For mapping, the migration
route was inferred by linking successive daily locations.
During the equinox when latitudinal coordinates were
erratic, the migration route was inferred by averaging
latitudinal values between two reliable locations and
plotting them with the longitudinal coordinates. As
FLightR is unable to delineate flight paths for highly
shaded light data, individuals with poor quality light data
were discarded from migration route results.
When the location estimates were available from

FLightR, we took the average during the wintering
period to identify the overwintering location. When
FLightR was unable to provide reasonable results, over-
wintering locations were determined by using the
method described by Kramer et al. [39]. This method

involves creating joint likelihood surfaces, transforming
them into utilization distributions, extracting coordi-
nates, and averaging them over the wintering period.
The product of the likelihood surfaces created by
FLightR for 6 subsequent transitions (i.e. sunrise or sun-
set) was taken to create a joint likelihood surface with a
pixel size ∼0.5°, which reflects the most likely location
for the midpoint (the third transition). To transform the
likelihood surfaces into utilization distributions, the like-
lihood of each given cell was divided by the sum of all
cells within each surface. Coordinates were then ex-
tracted from the utilization distribution from the cell
with the highest probability of utilization. These coordi-
nates were assigned to the third transition. The locations
over the wintering period were then averaged to provide
a mean overwinter location and were reviewed in Arc-
Map [58].
We used Fisher’s exact tests to validate our field

methods and compare against return rates of traditional
banding techniques. We compared the apparent return
rates of birds with geolocators that were deployed at
Lesser Slave Lake Provincial Park, Alberta, with apparent
return rates of birds banded at the nearby Lesser Slave
Lake Bird Observatory to relate geolocator recoveries
with traditional field techniques. Although the capture
method differed slightly, with birds at the Lesser Slave
Lake Bird Observatory being passively caught in mistnets
and the geolocator recoveries actively searched for, this
comparison offered an assessment of possible geolocator
effect.
We used a logistic regression to test the effect of varying

factors on the return rates. We considered the effect of
the different sites (Alberta, Manitoba, Québec or New
Hampshire), geolocator types (W30, W50 or P30), harness
types (polypropylene thread, or Stretch Magic), ages at de-
ployment (after second year (ASY) and second year (SY))
and deployment year (2014 or 2015). Various models were
created including differing combinations of predictor vari-
ables and were ranked and evaluated to identify the best
and most parsimonious model. AICc was used to correct
for small sample size. Models with a ΔAIC value of less
than two were considered competitive, unless they varied
by only one parameter and had similar log-likelihood
values [59].

Results
We recovered 29 geolocators, with a recovery rate of
10% in 2015 and 24% in 2016 (Table 2). A fifth returning
bird was re-sighted in Alberta in 2015 and two returning
males were observed in New Hampshire in 2016, but we
were not able to recapture these individuals to retrieve
the units. In 2016, two birds were recaptured in Alberta
without their units due to harness failure.
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We found that return rates for birds recovered carry-
ing geolocators in 2015 (4 out of 40; 10%) and 2016 (8
out of 40; 20%) did not significantly differ from return
rates of banded birds in 2015 (4 out of 87; 4.6%) and
2016 (3 out of 85; 3.5%) at the Lesser Slave Lake Bird
Observatory (Fisher’s exact test, P > 0.995). Logistic re-
gression models were calculated to determine the effect
of deployment site, geolocator type, harness type, de-
ployment age and deployment year on the observed geo-
locator return rates and were compared through AICc
(Table S2). Two models had a ΔAIC value of less than
two, Model 6 (ΔAIC = 0.00) and 7 (ΔAIC = 1.388; Sup-
plemental Table S2). Model 6 included site and geoloca-
tor type as independent variables, whereas Model 7
included site alone. The log-likelihoods of both models
were similar, indicating that the addition of geolocator
type did little to improve the model performance.
Of the 29 retrieved units, 25 units successfully recorded

light data to the wintering grounds and 18 units provided
high quality data which were used to map fall migration
routes for individuals from three breeding populations
(Alberta, Manitoba, New Hampshire). One unit retrieved
in New Hampshire provided a spring migration route.
During fall migration, individuals from all breeding popu-
lations migrated south towards the Gulf of Mexico. Indi-
viduals either crossed or circumvented the Gulf of
Mexico, and converged at a similar longitude in Central
America (Fig. 1). The most probable migration path (or
mean of all estimated locations) indicated that 7 of the 18
birds (38.9%) travelled overland around the western side
of the Gulf of Mexico, with 11 (61.1%) partially crossing
or flying across the Gulf of Mexico (Fig. 2). Seven

individuals (3 from Alberta, 1 from Manitoba and 3 from
New Hampshire), or 38.9% of individuals tracked, crossed
the Gulf of Mexico to the Yucatan Peninsula.
Most birds wintered in the northwestern portion of

the wintering range (predominantly Colombia with a few
overwintering in Venezuela), with no birds overwinter-
ing in the southern extent of the wintering range
(Ecuador and Peru) or the easternmost extent of the win-
tering range (eastern Venezuela). Mean estimates of over-
wintering sites showed that 7 of the 25 birds overwintered
in Venezuela, and the remaining 18 overwintered in
Colombia (Fig. 3). Of the 10 Alberta birds that were
tracked, 50% overwintered in Venezuela, and 50%
overwintered in Colombia. Of the 9 birds recovered in
Manitoba, 33.3% overwintered in Venezuela with 66.6%
overwintering in Colombia. All 6 birds (100%) from New
Hampshire overwintered in Colombia. The average longi-
tudes of individuals from the western-breeding Alberta
population suggest they overwintered at higher more east-
ern longitudes (i.e. further east; average of approximately
69.5436°W ± 0.4942° SE), as compared to individuals from
the eastern-breeding New Hampshire population (average
of approximately 76.0900°W± 0.2536° SE), with the cen-
trally breeding Manitoba birds falling largely in the middle
(average of approximately 73.2624°W ± 0.2038° SE).
One of the units deployed in New Hampshire (W50)

had sufficient battery life to provide a complete spring
migration route. The spring migration route was the
same as for fall migration, with the bird taking an over-
land route westward through Central America and
around the Gulf of Mexico (Fig. 2d), albeit the migration
duration was considerably shorter in the spring.

Fig. 1 Average longitudinal positions of 25 male Canada Warblers tracked with light-level geolocators (solid coloured lines) from three different
breeding sites in Alberta, Manitoba and New Hampshire (horizontal black dashed lines). The dotted coloured lines around the longitude values
indicate plus or minus one standard deviation. The approximate timing of fall migration is bracketed by the grey vertical lines. The most western
and eastern limits of the Gulf of Mexico are indicated by horizontal black lines
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Discussion
We demonstrate that fall migration routes in Canada
Warblers largely overlapped for three widely distributed
breeding populations. Of the individuals we tracked
from across the breeding range spanning approximately
43 degrees in longitude, 77.8% funnelled into a narrow
geographic space on the western side of the Gulf of

Mexico spanning approximately 3 degrees in longitude
(97–99° W) with their migration routes overlapping.
Similar patterns of migration have been observed in
other species such as the Wood Thrush (Hylocichla
mustelina); where 73% of the individuals tracked from
widely distributed breeding populations funneled through
a narrow span on the northern coast of the Gulf of

A

DC

B

Fig. 2 Estimated migration routes for male Canada Warblers tracked from three breeding populations across the breeding range from 2014 to
2016. Blue tracks represent the fall migration routes taken by 4 individuals that were tracked from Alberta (a), red tracks represent the fall
migration routes of 8 individuals from Manitoba (b), green tracks represent the fall migration routes of 6 individuals from New Hampshire (c), and
the yellow track shows the spring migration track taken by one individual returning to New Hampshire (d). Dashed lines show inferred routes
when latitude estimates were poor. The error bars indicate the average 95% credible intervals for the overwintering locations shown for each
breeding population. The figure was generated in R [54] and the Canada Warbler range map was provided by Environment Canada [18]
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Mexico (between 88 and 93° longitude) during spring mi-
gration [13].
Fall routes were predominantly overland over North

America, with the calculated migration routes of some
individuals (61.1% of those tracked) partially crossing
or flying across the Gulf of Mexico, before moving
through Central America to wintering sites in South
America. Despite many Canada Warbler records on
islands in the Caribbean, none of the birds we tracked
took a trans-Atlantic or island route between North
and South America, as taken by Blackpoll Warblers
(Setophaga striata) and Connecticut Warblers (Oporor-
nis agilis) [8, 10]. We therefore infer that the records of
Canada Warblers on Caribbean islands likely reflect va-
grancy and may not support a primary migration route
for this species, supporting the findings of Cárdenas-
Ortiz et al. [34]. However, to confirm this, further
eastern-breeding birds should be tracked, as eastern

populations would be most likely to use this migration
route.
The overlap in Canada Warbler migration routes in

the western lowlands of the Gulf of Mexico, and the
additional eBird records [60] and band recoveries
(Supplemental Figure S1) for the area, indicates that
the area may provide important habitat for individuals
from across the breeding range during fall migration.
Furthermore, Cárdenas-Ortiz et al. [34] observed individ-
uals from across the breeding range converging at the
Darién in Northern Colombia and suggested that individ-
uals traveling southward through Central America may
concentrate in this region during fall migration. Conserva-
tion of stopover habitat surrounding the Gulf of Mexico
and throughout Central America may therefore support
breeding populations from across the range, as it is
an important thoroughfare for multiple breeding pop-
ulations [61].

Fig. 3 Average overwintering locations for 25 male Canada Warblers from three different breeding sites determined by using light-level geolocators.
The breeding and wintering range are indicated with grey shading. The black triangles indicate individuals that bred in Alberta (n = 10), white circles
indicate individuals that bred in Manitoba (n = 9), and the grey squares represent individuals that bred in New Hampshire (n = 6). The error bars
indicate the mean 95% credible intervals for all the overwintering locations. The figure was generated in R [54] and the Canada Warbler range map
was provided by Environment Canada [18]
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The migration routes of the Alberta and Manitoba
populations overlapped greatly. The eastward movement
exhibited at the onset of fall migration by 75% of the
birds tracked from Alberta resulted in spatial and tem-
poral overlap between the migration routes of the Alberta
and Manitoba populations as they moved southward.
These results suggest that individuals that breed in Al-
berta and Manitoba may share many of the same threats
during migration and at stopover sites. Furthermore, vari-
ation in the habitat use at a population-level upon leaving
the breeding sites could contribute to population specific
threats. For example, the predominantly coastal route
taken by individuals from New Hampshire to the Gulf of
Mexico could expose these individuals to different pres-
sures. Specifically, birds using the New Hampshire migra-
tion route likely encounter more forest loss due to urban
development and timber cutting on their initial movement
south [62]. Differing rates of survival have been observed
across the Canada Warbler breeding range, with product-
ivity remaining constant. Survival is low at the east and
west extents of the breeding range, with the steepest de-
clines in abundance in the east [63]. The impact of migra-
tion routes on these patterns of survival should be further
investigated.
Our results show that deployment site was an import-

ant predictor of recovery rate. We did not recover any
units from Québec, while the recovery rates from the
other sites ranged from 10 to 35%. Differing return rates
could be linked to variable rates of survival across the
range, however, this was not directly tested and a num-
ber of other factors likely impacted return rates. We de-
ployed the fewest tags in Québec (n = 16), and most of
the suitable Canada Warbler habitat at this site was
roadside habitat, with alternate sites being inaccessible.
In 2016, in Québec, unbanded territorial males claimed
the breeding territories where deployment took place,
but it was not possible to survey the 500 m area sur-
rounding the deployment site. The lack of accessibility
to habitat surrounding the deployment location likely af-
fected the recovery rate. The subsequent year in 2017,
two banded individuals were observed in the area, recap-
tured, and were confirmed to have been two individuals
from the 2015 deployment, but had returned without
their geolocators. Therefore in this case, site specific fac-
tors likely impacted the disparity in return rates.
We documented some within-population variation in

fall migration routes between breeding sites and the Gulf
of Mexico. Of the four individuals from the western-
most tracking site, three moved eastwards, while one in-
dividual initially traveling southwest before overlapping
at the Gulf of Mexico with the routes of the other indi-
viduals tracked from western and central breeding loca-
tions. Observational data of Canada Warblers during fall
migration through far-western North America have been

logged on eBird [60] and are represented in published
records [64, 65]. Our results suggest, not surprisingly,
that birds occurring in these areas during fall may be de-
rived from breeding populations in more western por-
tions of the range, such as those in Alberta and
westward. It is possible that the fourth individual navi-
gated the Rocky Mountains, resulting in the difference
in routes. Regardless of the route, all four individuals
tracked from the west of the breeding range demon-
strated that some individuals may not travel the shortest
distance to the Gulf of Mexico, as would be expected in
parallel migration [37] and observed for fall migration in
Veeries (Catharus fuscescens) [66] and Purple Martins
(Progne subis) [38], as well as many species of Afro-
Palaearctic landbirds navigating the Sahara [40]. In the
case of Alberta breeders, these observed routes to the
east and west rather than south, may be driven by the
open, largely agricultural zone that occurs directly to the
south of the Alberta breeding site. This may be unsuit-
able to migrating Canada Warblers, which have highly
specific habitat preferences and seek dense cover during
migration [67]. When comparing habitat use during
spring migration in seven habitat types, Power [67] ob-
served 76.5% in floodplain forest while the remaining
observations were all in oak-hardwood forest. Canada
Warblers have been primarily reported in forests with
dense shrubs and thickets, often near watercourses, dur-
ing migration [19]. However, non-direct routes may not
necessarily be tied to stopover habitat preferences and
may reflect ancestral migration patterns that were
retained following breeding range expansion, as has been
observed in the Swainson’s Thrush (Catharus ustulatus)
[68] and Veery [66].
A novel finding of our study was the most probable

migration route of 61.1% of all individuals crossing or
transecting the Gulf of Mexico. It had been previously
unresolved as to whether Canada Warblers cross the
Gulf of Mexico during migration (but see [34]). They
have been largely considered a circum-Gulf migrant with
a migration route described as hugging the coast of the
Gulf of Mexico [69]. Additionally, the Yucatan Penin-
sula, an area used by many species that perform a trans-
Gulf migration [7, 13, 70, 71] is typically considered to
be outside of the Canada Warbler migration pathway, as
defined by the conventional species’ range map [17, 18].
However, there are published reports of Canada War-
blers for the Yucatan [72, 73] as well as eBird records
[60]. Our results indicate that, although it was not the
predominant route, some Canada Warblers may cross
the Gulf of Mexico to the Yucatan Peninsula during fall
migration. Due to the error associated with geolocators
(Fig. 4), it is difficult to ascertain specific stopover loca-
tions and fine-scale movements around the Gulf of
Mexico. As such, stopover behaviour and migratory
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behaviour, as well as habitat use by Canada Warblers
migrating through Central America needs to be further
explored, specifically in the Yucatan, and the Gulf of
Mexico, to better direct conservation in these regions.
The individual that was tracked during spring migra-

tion as well as fall migration took a circum-Gulf migra-
tion route for both. It has been hypothesized that
Canada Warblers may make a trans-Gulf crossing in the
spring when the wind conditions are more favourable
[74], but the spring migration track for this individual
did not support this. Additional tracking of spring mi-
gration should be conducted to confirm or refute
whether this track reflects typical spring migration pat-
terns for this species. Additionally, population-specific
migration routes may exist for spring, which may

provide an important source of variation in space-use,
and could result in population level effects. To address
this, future research should be focused on tracking the
spring migration of Canada Warblers.
While we measured a high degree of overlap in migra-

tion routes at the Gulf of Mexico, we observed some parti-
tioning of different breeding populations at overwintering
sites. Generally, we found that the westernmost breeding
population overwintered farthest to the east, and the east-
ernmost breeding population overwintered farthest to the
west. This contrasts with what has been observed in many
songbird species where strong parallel patterns of migra-
tory connectivity between breeding and overwintering
areas have been found [13, 75]. However, this crossing
pattern in migratory movements has been observed in

Fig. 4 Average 95% credible intervals for a) latitude and b) longitude values derived by FLightR analysis for 18 male Canada Warblers tracked
with light-level geolocators from breeding sites in Alberta, Manitoba and New Hampshire. The dotted lines around the longitude curves indicate
plus or minus one standard deviation. The fall equinox is indicated by the red vertical line
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other warbler species, like the Yellow Warbler (Setophaga
petechia) [76]. This result also contrasts with observations
made by González-Pietro et al. [41] based on analysis of
stable hydrogen isotope ratios of Canada Warblers in
three different cordilleras in the Colombian Andes. Stable
hydrogen isotope ratios suggest that individuals from the
eastern Andes correspond to the eastern breeding range,
and individuals from the western Andes corresponding to
the western breeding range. This study removed six statis-
tical outliers from their analysis to comply with the
principle of parsimony, however the six statistical outliers
were all sampled from the same location (Santander,
Colombia) and exhibited stable hydrogen ratios reflective
of the northwestern-most breeding range. Though the
sample size was small, these statistical outliers corroborate
the crosswise migration path detected herein using light-
level geolocators, and signals the potential for different
migration paths between populations. As stated by Gonzá-
lez-Pietro et al. [41], more sampling of the area should be
conducted at a larger scale to address whether the pattern
of isotopic signatures holds true and future research
should be aimed to address the question of migratory con-
nectivity in the Canada Warbler. Furthermore, we could
not explore the potential for within-winter movements
with this study, as the positional error associated with the
non-breeding estimates could not be separated from true
movement during the winter. This would be an important
investigation to support future conservation of overwin-
tering habitat, to determine whether individuals are largely
sedentary or are more mobile during the non-breeding
season.
Most of the individuals we tracked (72%) overwintered

in Colombia, primarily overwintering in the Caribbean
region of Colombia, suggesting the conservation value of
preserving habitat in this region for birds from across
the breeding range. It is both possible that we simply did
not track individuals that overwinter in other regions of
the wintering grounds and that the Caribbean region of-
fers overwintering territories to the majority of the
Canada Warbler population. As no individuals were
tracked from the southern portion of the breeding range
and no individuals wintered in the southwestern region
of the overwintering range, it is also possible that
Canada Warblers exhibit a chain migration, where indi-
viduals breeding furthest south also overwinter the fur-
thest south [37]. However, tracking of southern breeding
populations will be required to determine whether this
is the case. Alternatively, similar patterns of convergence
from across the breeding range into remarkably smaller
overwintering locations have been reported in several
other species, including Bobolinks (Dolichonyx oryzivorus)
[77], Purple Martins [12] and Prothonotary Warblers (Pro-
tonotaria citrea) [78]. Geolocator tracking of Prothonotary
Warblers showed 91% of individuals tracked funneled

predominantly to overwintering sites in Colombia in a
small section of the wintering grounds, similarly to our re-
sults. As recommended by Tonra et al. [78] for Prothonot-
ary Warblers, we recommend that wintering areas not
identified by geolocators be investigated and that individ-
uals occurring here be studied to identify their breeding
origins. Species with concentrated wintering areas have
been identified as further at risk for population declines
than those with larger wintering extents [79].
It is suspected that population declines in Canada

Warblers is due, in part, to habitat loss on the wintering
grounds [18]. Our results suggest it is possible that the
effects of habitat loss in Colombia are exacerbated by
the relatively limited geographic dispersion of individuals
in our study. Dramatic forest losses have been observed
in Colombia [80–82] with high rates of deforestation
[83] driven largely by habitat being cleared for cultiva-
tion [84], pastures, and human settlements [85]. Histor-
ical forest loss in this region has been linked to declines
in other songbird species (e.g., Golden-winged Warblers
(Vermivora chrysoptera) [11]) and may also be a factor
leading to population declines in Canada Warblers. The
Caribbean region in Colombia, where most tracked
Canada Warbler individuals overwintered, has the lowest
amount of remaining forest and the second highest rate
of deforestation in the country [85]. Some forest recov-
ery in Colombia has been reported in the last decade
[86], and there is a need to carefully plan their manage-
ment going forward [87]. Responsible agricultural devel-
opment in South America has the opportunity to
safeguard the survival of overwintering Canada War-
blers. González et al. [88] demonstrated that overwinter-
ing sites in shade grown coffee plantations with high
canopy cover offers similar quality habitat to Canada
Warblers when compared to intact forest. The authors
suggest that an approach that enables the retention of
native forest while developing portions for shade coffee
may mutually benefit both overwintering migratory birds
and the needs of local communities. The conservation of
Canada Warblers and other migratory songbirds will rely
on concerted protection and careful management of
remaining habitat within Colombia and throughout
South America.

Conclusions
Our results provide new information on the broad scale
annual movements of Canada Warblers addressing
major knowledge gaps on their migratory routes and dis-
tribution. These could be complemented by future stud-
ies focused on determining migratory habitat use at
finer-scales, using new technologies such as Motus
Wildife Tracking Network (radio telemetry arrays that
study movements of small tagged animals [89]), to target
precise locations for conservation actions [90]. Due to
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the amount of latitudinal error, we were unable to pro-
vide temporal information regarding migration and spe-
cific stop over locations. We recommend this as an
opportunity for future research. Future studies could
also target quantitative measures of range-wide migra-
tory connectivity, determining spring migration routes
for multiple populations, and migratory strategies of fe-
male Canada Warblers. We hope that our results pro-
vide a starting point and will stimulate more fine-scale
land use and habitat studies to further promote the con-
servation of habitat for migratory species through Cen-
tral America and South America.
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