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Abstract

Understanding the geographic extent and timing of wildlife movements enables resource managers to inform habitat
needs of target species efficiently and effectively. We use light-level geolocators—which enable researchers to
estimate individual locations from light-level data—to build a more complete understanding of the geography and
timing of migratory movements for canvasback Aythya valisineria in the Pacific Flyway. During the springs of 2015-
2017, we placed 151 geolocators on canvasbacks using two alternative attachment methods (leg-band vs. nasal-saddle
mounts) during spring migration (February-March) near Reno, Nevada. Eight of these geolocators (five males and
three females) were successfully retrieved, representing 10 near-complete annual migration cycles (two geolocators
contained data for two migration years). Eight of the 10 estimated spring canvasback migrations (five male and three
female) ended at breeding sites in the Prairie Pothole Region of southern Canada and northern United States (often via
stopover sites in Utah and Montana), whereas one male and one female migrated to breeding sites in Alaska. Notably,
one female settled on nesting grounds in southern Saskatchewan and then in central Alaska in successive years.
During spring migration, canvasbacks made an average of 3.3 = 0.5 stopovers, with an average duration of 14.8 + 2.2
d. Three canvasbacks made a distinct molt migration after breeding. For fall migration, canvasback made an average of
2.7 = 0.3 stopovers, lasting an average of 12.3 £ 2.5 d, on their way to wintering sites in California’s Central Valley and
coastal regions near San Francisco Bay. Retrieval rate for nasal-saddle-mounted geolocators was significantly lower
than leg band-mounted devices because of failure of nasal-saddle attachment. This study demonstrates the value of
geolocators for assessing year-round habitat use for waterfowl species that have negative behavioral reactions to
traditional backpack devices. This information complements standard band-recovery approaches and enables
waterfowl managers to ensure that the spatial and temporal distributions of individuals are identified so that habitat
conservation efforts can reflect the full annual habitat use cycle.
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breeding and the other habitats (e.g. staging areas,
molting and wintering habitats) that sustain these
populations through the remainder of the year (Marra
et al. 2011; Hallworth et al. 2015). For nearly a century,

Introduction

Wildlife researchers continually strive to identify critical
habitat resources for target species that support key life-

history needs and ultimately maintain viable popula-
tions. For migratory populations this is complicated by
the uncertain linkages and often vast distances between
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waterfowl have exemplified the benefits and challenges
of managing spatially separated habitats to sustain
migratory populations. Early efforts to improve cooper-
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ative management of disjunct critical habitats for
migratory waterfowl across political boundaries resulted
in the establishment of four administrative flyways that
remain central to North American waterfowl manage-
ment (Crissey 1955; Tautin 2005). However, effective
management of waterfowl populations also requires an
understanding of critical habitats at smaller spatial scales,
including staging and refueling areas associated with
long-distance migratory movements.

Historically, information about waterfowl movements
and seasonal habitat use has been derived primarily from
mark-recovery data, in which birds are captured and
marked with metal leg bands that are subsequently
reported via hunter harvest. Between 1960 and October
2020 there were 20.3 million ducks and geese banded
and 3.9 million bands reported, with several species
averaging over 100,000 banded and 1,000 recovered
each year (2010-2019). By comparison, canvasbacks
Aythya valisineria were banded and encountered much
less frequently, with an average of 464 banded and 105
recovered each year (2010-2019; Bird Banding Labora-
tory 2020). However, these data only provide a snapshot
of the habitats and locations used by an individual at
capture and recovery. Advances in technology have
expanded the potential for recording migratory paths for
individual birds (Lopez-Lopez 2016). Very-high-frequency
radio transmitters, satellite-based geographic positioning
systems (GPS), global system for mobile communication
devices, and archival light-level data loggers (hereafter,
geolocators) have all been used to estimate positional
information for migrating birds (Bridge et al. 2011; USDA
Forest Service SDTDC 2012). In practice, considerations
such as weight (for birds, units should weigh no more
than 2.5-5% of total body mass; Naef-Daenzer et al.
2001), potential sample size (based on per-unit cost and
probability of recovery), and potential behavioral effects
of attachment generally determine which devices are
used to study migratory movements for a particular
population. Canvasbacks and other diving species have
been negatively affected by backpack-style attachment
of transmitters (Perry 1981; Robert et al. 2006). Further-
more, use of implant-style GPS radios have limitations
because of battery life, as solar panels are not an option.

Geolocators, which record time-stamped light-level
data at frequent and regular intervals, can be a cost-
effective and minimally invasive method for recording
waterfowl movements throughout the annual cycle
(Guilford et al. 2012). Light-level geolocators typically
cost $150-$200 and weigh ca. 0.5-3 g (Migrate
Technology 2015). After geolocators are retrieved, time-
stamped light levels are used to estimate daily sunrise
and sunset times (Hill and Braun 2001). Subsequently,
longitude and latitude are estimated on the basis of the
timing and transition of light during twilight (Ekstrom
2007). Location estimates from geolocators are not exact
and have been estimated to exceed 200 km (Phillips et al.
2004; Ekstrom 2007; Fudickar et al. 2012; Lisovski et al.
2012; Rakhimberdiev et al. 2016). Geolocators have been
deployed on songbirds (Bairlein et al. 2012; Lemke et al.
2013), owls (Linkhart et al. 2016), shorebirds (Rakhim-
berdiev 2016), and other species, but have been used
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infrequently on waterfowl (Eichhorn et al. 2006; Solo-
vyeva et al. 2012; Hanssen et al. 2016; Hupp et al. 2018)
to address questions about annual migrations, including
estimating migration timing and identifying staging
locations.

We use geolocators to build a more complete
understanding of the geography and timing of migratory
movements for a small sample of canvasbacks captured
near Reno, Nevada (part of the Pacific Flyway) during
spring migration. The Pacific Flyway accounts for
approximately 25% of canvasback harvested in the
United States from 1999 to 2018 (Olson 2019). Canvas-
backs are one of the least abundant ducks in North
America and had multiple alternating periods of
population decline and growth from the 1950s to today
(USFWS 2019), with boom periods generally associated
with wet spring conditions on the prairies (Serie et al.
1992; Anderson et al. 2001). Little is currently known
about seasonal habitat use and the timing of key
seasonal movements for canvasback in the Pacific
Flyway, including those that migrate through northern
Nevada. Canvasbacks are listed as a “Species of
Conservation Priority” (Wildlife Action Plan Team 2012)
in Nevada, in part because of the species’ low population
abundance relative to other waterfowl and large
historical fluctuations in abundance across the region
and continent (abundance estimates in adjacent years
have differed by a factor of two). Springtime observa-
tions suggest two large migration corridor concentra-
tions from central California wintering areas: one that
passes due north through the Klamath Basin and another
east through the Lahontan Valley of western Nevada
(US. Fish and Wildlife Service Bill Henry and John
Vradenburg, personal communication). Specifically, our
research questions were: 1) Where are the important
stopover sites for canvasbacks that migrate through
northern Nevada, and are they different for spring and
fall migrations? 2) What is the timing of key seasonal
movements (e.g., arrival at breeding locations)? 3) Are
some methods of geolocator attachment more effective
than others? 4) Does geolocator attachment affect the
rate at which individual canvasbacks are recovered?

Methods

We captured canvasbacks using cloverleaf waterfowl
traps at Swan Lake (ca. 13 km north of Reno, Nevada;
Figure 1) and the Canvasback Gun Club (ca. 20 km east-
northeast of Fallon, Nevada; Figure 1), during February
and March 2015-2017 as they started spring migration.
We marked all captured birds with standard metal leg
bands. For each capture, we recorded age (second year
and after second year), sex, and mass. We attached light-
level geolocators (Migrate Technology Ltd., Intigeo-
W65A9-SEA and Intigeo-C65; 1.0 g) using one of two
established methods: nasal saddles (Greenwood 1977) or
plastic leg bands. We intended to attach geolocators in
equal proportions to each of the age and sex classes;
however, this was not possible because of unequal
captures for each group. To test for possible effects of
geolocator attachment on apparent recovery rates
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Figure 1. Canvasbacks Aythya valisineria with light-level geolocators mounted using (left) the nasal-saddle method and (right) an
auxiliary leg band. In this study, recovered light-level geolocators (n = 8) from canvasbacks originally captured in northern Nevada
during the spring migration (2015-2018) were used to infer patterns of movement and broad-scale site use for individual
canvasbacks. Geolocators are a lightweight and low-cost, yet imprecise, method for tracking migratory movements; geographic
locations are inferred from these devices via the timing of sunrise and sunset. Locational accuracy and precision are typically highest
for long stationary periods and are lowest for rapid migrations (especially adjacent to a solar equinox).

(potentially due to differential survival), we marked
approximately half of the canvasbacks we captured only
with standard metal leg bands as a control group. We
used two different methods of geolocator attachment,
nasal saddles (model W65A9) and auxiliary leg bands
(model C65), as we were concerned that light-level
recordings from leg mounts may be hindered by turbid
water conditions (Eichhorn et al. 2006; Conklin et al.
2013); we therefore used nasal saddles to ensure that
some geolocators would be above the waterline at all
times. Polyvinyl chloride nasal saddles (Figure 1) were
form-fitted to a cast canvasback bill and each was
attached via a welding rod through the nares (aluminum
in 2015 and stainless steel in 2016), which we secured
with stainless steel washers crimped on each end
(Lokemoen and Sharp 1985). We initially used aluminum
to allow the saddles to fall off if not encountered within a
small number of years. However, we learned that they
were falling off faster than we predicted and switched to
stainless steel. We attached nasal-saddle-mounted geo-
locators with silicone directly under the saddle atop the
bill, with a drilled hole filled with crystal epoxy to allow
for passage of light. For birds with leg-mounted
geolocators, we attached geolocators using a plastic
(polyvinyl chloride) leg band with an ultraviolet-protect-
ed zip tie. We inscribed all plastic leg bands with the
contact information necessary for hunters to report
geolocators directly to us. Birds with nasal-saddle-
mounted geolocators also received an inscribed plastic
leg band (without geolocator attached) to facilitate
retrieval of geolocators from hunters. We programmed
all geolocators to measure light levels every minute and
record the highest reading in each 5-min interval; battery
life estimates showed up to 24 mo of data recording for
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each geolocator (Giunchi et al. 2015; Migrate Technology
2015). Although we hoped to recapture geolocator-fitted
canvasbacks in subsequent trapping efforts, we expected
that most re-encounters would occur via hunter harvest.

We downloaded raw time-stamped light-level data
from all retrieved geolocators and processed them to
correct for drift in the internal clock using software
provided by the manufacturer (Migrate Technology,
Coton, Cambridge, UK). Using the corrected light-level
data, we estimated morning and evening twilight times
using a standard threshold algorithm (Hill and Braun
2001; Rakhimberdiev 2016; Wotherspoon et al. 2016)
implemented in the TwGeos package for the R program-
ming environment (see https://github.com/natehe20/
CANV_movements for R scripts; Wotherspoon et al.
2016; R Core Team 2018). We then refined or removed
(flagged as outliers) twilight-time estimates on the basis
of: 1) visual inspection, 2) severe discrepancies with
neighboring twilight times, and 3) evidence of excessive
shading, each of which is described in more detail below.
First, we graphically overlaid designated twilight times
on light-level time-series plots and manually corrected or
removed obviously incorrect twilight-time estimates
(Renfrew et al. 2013, Mostello et al. 2014, Giunchi et al.
2015). We then used the twilightEdit function (TwGeos
package; Wotherspoon et al. 2016) to flag outliers for
which the designated twilight time was >15 min from
the median of the eight nearest neighboring twilight
times, the set including the four previous and four
subsequent twilights. If all eight neighboring twilight
times were relatively consistent, differing from one
another by <10 min, suggesting the animal was
stationary, we altered the flagged outlier to be equal
to the median of its eight neighbors. If the neighboring
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twilight times were inconsistent, suggesting the animal
may have been migrating, we removed the outlier
observation from subsequent analysis. Finally, we
removed any twilight-time designations whose accuracy
was likely compromised by excessive shading; specifical-
ly, we excluded twilights from further analysis if we
recorded more than three occurrences of darkness (log-
transformed light level <0) after a designated sunrise
time or before a designated sunset time.

To estimate the geographic locations of each bird over
time, we passed the postprocessed light-level data
through a state-space model designed to partition shifts
in geographic location from observational error, using an
algorithm implemented in the R package FLightR
(particle filter using 1,000,000 particles; Rakhimberdiev
et al. 2015). FLightR's algorithm assigned geographic
locations for each particle on the basis of the degree to
which recorded light levels 1 h before and after each
estimated twilight time corresponded with respective
light levels expected to occur at plausible candidate
locations using the template-fit method (Ekstrom 2007;
Rakhimberdiev et al. 2015). The FLightR algorithm
selected plausible candidate locations (i.e., could the
bird have flown there from the previous location) on the
basis of a maximum per-day flight distance distribution
that was set at high default values to enable the
algorithm to freely estimate location on the basis of
the light-level data (mean =300 km, standard deviation =
500 km; Rakhimberdiev et al. 2017). Next, the algorithm
used calibrated estimates of observational error to
partition observational error from the resulting raw
movement trajectories, resulting in a posterior distribu-
tion of probable daily locations, at sunrise and sunset,
that formally represented positional uncertainty. To
estimate the start and end dates of all stationary periods
(e.g., stopover site, breeding grounds) we used a FLightR
function (“stationary.migration.summary”) that used the
output from the particle filter algorithm to identify
consecutive twilights characterized by a low probability
of movement (Rakhimberdiev et al. 2017). We defined a
stationary period as a minimum of three consecutive
twilights or 1.5 d (minimum stay = 3 d) for which the
posterior probability of stationarity was greater than 90%
(probable cutoff = 0.1).

To effectively partition observational errors from the
estimated true flight path of each individual bird, the
state-space model requires specification of one or more
calibration periods for each bird whereby 1) light levels
are actively recorded; 2) the animal, or the geolocator
itself, is stationary; or 3) the geographic location is
known (Porter and Smith 2013). For effective calibration
of the particle-filter algorithm, calibration is performed
while the unit is actively deployed (on-bird calibration),
as animal behaviors (e.g., moving in and out of shaded
locations) can contribute substantially to observational
errors in light-level readings (Rakhimberdiev et al. 2015).
However, because we tagged canvasbacks during active
spring migration, no clear on-bird calibration periods
could be identified, leaving a short predeployment
calibration period (we allowed geolocators to run for 9
d in full sun before attachment on a bird) as the only
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calibration period that met all three criteria above. To
generate a reasonable estimate of observational errors in
light readings, which requires an on-bird calibration, we
used a three-stage approach to identify stationary
periods suitable for on-bird calibration. In stage 1, we
used the predeployment light-level data to calibrate the
particle-filter algorithm. After running the particle-filter
algorithm, we determined the mean locations for all
stationary periods estimated to be more than 14 d (28
twilights) in length. In stage 2, we calibrated the particle-
filter algorithm to those stationary locations identified in
stage 1 that overlapped with conservative and distinct
estimates of breeding (1 May-15 June) or molting (15
August-15 September) time periods (i.e., periods for
which these birds were expected to be stationary;
Bergman 1973; Thompson and Drobney 1995), in
addition to the predeployment calibration data. Specif-
ically, we defined stationary periods as breeding or
molting if half of the twilights within an estimated
stationary period occurred during the expected breeding
and molting periods. We used the stage 2 results to
update the estimated timing and duration of breeding
and molting periods. Finally, in stage 3, we calibrated the
particle-filter model to the breeding and molting periods
identified in stage 2, this time excluding predeployment
calibration data. Results from this final state-space
model, including the timing and duration of all stationary
periods longer than 1.5 d in length, were interpreted as
the best possible representation of canvasback move-
ments and staging locations. For ease of visualization
and interpretation, we merged consecutive estimated
staging locations less than 150 km apart into single
locations, in addition to all stationary periods occurring
during breeding, molting, or wintering periods, during
which canvasbacks were expected to be stationary
(Bergman 1973; Thompson and Drobney 1995).

We visualized the estimated sunrise and sunset
locations for each canvasback as a rounded polygon
encompassing the interquartile range (50% credible
interval [CI]) for latitude and longitude (Bates et al.
2012; Cresswell and Edwards 2013; Hobson and Kardynal
2015) derived from the particle-filter algorithm. Within
each designated stationary or stopover period, geo-
graphic locations with darker colors represent higher
inclusion within the 50% Cl for each twilight and were
considered more plausible estimates for the true
stationary period. For each individual we summarized
the total number of stopover sites, the mean stopover
duration in days, and the timing of entry and exit to and
from breeding, molting, and winter ranges. We conduct-
ed all analyses using the R environment for statistical
computing (R Core Team 2018). We tested for differences
in the proportion of canvasbacks re-encountered (recap-
ture or hunter harvest of geolocator-fitted birds) with
geolocators (metal leg bands only) vs. without geo-
locators using a chi-square test of independence. We
tested for differences in retrieval rates (physical retrieval
of geolocators) between birds with leg band-mounted
geolocators vs. nasal-saddle-mounted geolocators using
Fisher's exact test (“fisher.test” in R).

December 2021 | Volume 12 | Issue 2 | 311



Movements and Staging Locations for Canvasbacks

N.A. Cook et al.

Table 1. Summary of canvasback Aythya valisineria captures (Swan Lake and Fallon, Nevada, during early spring 2015-2017),
recoveries (generally hunter captures), and geolocator retrievals (geolocators received by mail and data successfully downloaded),
indicating age at capture (SY = second-year adults; ASY = after-second-year adults), sex (F = female; M = male), and method of

marking.

2015 (4-8 February)

2016 (27 January-24 March)

2017 (25 February-12 March)

ASY M ASY F SY M SY F Total ASY M ASYF SYM SYF Total ASYM ASYF SYM SYF Total Total

Geolocator on leg band 13 5 2 3 23 0 0 0 0 0 41 18 10 3 72 95
Reported 3 2 0 0 5 0 0 0 0 0 4 2 0 0 6 11
Retrieved 3 1 0 o0 4 0 0 0 0 0 2 2 0 0 4 8

Geolocator on nasal saddle 14 5 4 3 26 9 2 6 3 30 0 0 0 0 0 56
Reported 3 1 0 o0 4 0 2 0 0 2 0 0 0 0 0 6
Retrieved 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Metal leg band only (no geolocator) 15 3 9 2 29 0 0 0 0 0 46 0 4 0 50 79
Reported 2 2 2 0 6 0 0 0 0 0 2 0 2 0 4 27

Total 42 13 15 8 78 9 2 6 3 30 87 18 14 3 122 230

Results Two of the 30 canvasbacks originally fitted with geo-

In total, we captured 107 canvasbacks during banding
efforts at Swan Lake in 2015 and 2016, and 122 birds at
Canvasback Gun Club in 2017 (Table 1). We attached
geolocators via nasal saddles to 56 canvasbacks (26 in
2015 and 30 in 2016) and via auxiliary leg bands to 95
canvasbacks (23 in 2015, 0 in 2016, and 72 in 2017). We
marked 79 canvasbacks (29 in 2015, 0 in 2016, and 50 in
2017) with only standard metal leg bands as a control
group to test for possible effects of geolocators on
recovery rates (Table 1). Twelve hunters and one outside
researcher contacted us regarding birds marked with
geolocators as part of this study and those that found
geolocators still attached voluntarily mailed them to us
(we sent replacement geolocators as requested because
of their trophy status). Unfortunately, four of these birds
were missing geolocators at the time of re-encounter
(four mounted via nasal saddles and one mounted via
leg band) and one geolocator was lost in the mail.
Ultimately, we successfully retrieved 8 of a total of 151
geolocators deployed on canvasbacks from 2015 to 2017
(5% retrieval rate; Table 1). Four of the retrieved
geolocators were initially deployed on 5 February 2015
and the remaining four geolocators were initially
deployed during the period 2-9 March 2017 (Table 1).
The eight retrieved geolocators recorded usable data for
375,612, 605, 317, 342, 247, 243, and 290 d, respectively.
Only four of eight geolocators successfully recorded data
throughout the full release to recovery period. In three
cases, data logging was discontinued because of battery
failure several months before recovery. In addition, one
geolocator’s light sensor failed during its final month of
deployment.

Of 49 canvasbacks originally fitted with geolocators in
2015 (26 nasal saddles and 23 leg bands), hunters (and
one unaffiliated researcher) reported five canvasbacks
originally fitted with leg-mounted geolocators (three
after-second-year [ASY] males [M] and two ASY females
[F]) and four canvasbacks (three ASY M and one ASY F)
originally fitted with nasal-saddle geolocators. We
successfully retrieved four of the five recovered leg-
mounted geolocators (one was lost in the mail), but all
nasal-saddle mounts were missing at the time of capture.
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locators in 2016 (all nasal-saddle mounts) were later
captured (two ASY F), but neither had a nasal saddle
attached at the time of harvest. Of the 72 canvasbacks
originally fitted with geolocators in 2017 (all leg-band
mounts), four (two ASY F and two ASY M) geolocators
have been successfully retrieved thus far. Two additional
canvasbacks originally captured in 2017 and fitted with
leg-mounted geolocators (both ASY M) were reported by
hunters but the geolocators were no longer attached to
the plastic band. Because none of the geolocators
attached via nasal saddles (n = 56) has been retrieved
despite several hunter captures of birds originally fitted
with nasal saddles, we suspect that nasal-saddle mounts
may have had a failure of the metal rods used for
attachment.

Of the canvasbacks marked with a metal leg band only
(no geolocator), 5 birds of 29 marked in 2015 and 4 birds
of 50 marked in 2017 were later captured (15% overall
recovery rate; Table 1). Of the canvasbacks fitted with a
leg-band geolocator, 5 of 23 birds (including the one
that was lost in transit) marked in 2015 and 6 of 72 birds
marked in 2017 were later captured (12% recovery rate).
Of the canvasbacks originally fitted with a nasal-saddle
geolocator, we recovered 4 of 26 birds marked in 2015
and 2 of 30 birds marked in 2016 (11% recovery rate).
There is no strong evidence for leg-band geolocators
affecting recovery rates (Fisher's exact test, P = 0.36) or
for nasal-saddle mounts affecting recovery rates (Fisher’s
exact test, P = 0.61; however, note that many nasal-
saddle mounts detached from birds). Because of the
frequent failure of nasal-saddle mounts, the retrieval rate
of geolocators attached via leg band (9 of 95) was
significantly greater than the retrieval rate for geo-
locators attached via nasal saddle (0 of 55; Fisher's exact
test; P = 0.03).

Using the light-level data from recovered geolocators,
we were able to estimate geographic positions for 10
canvasback migrations: 4 in 2015, 4 in 2017, and 2 in
2018 (representing two of the four birds for which 2017
data were also available). No location data were
recovered from the 2016 migration. Overall, canvasbacks
made an average of 3.3 stopovers (£0.5 n = 10;
sampling uncertainties here and elsewhere are reported
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Table 2. Summary of the estimated timing of migratory movements for eight canvasbacks Aythya valisineria monitored with leg
band-mounted geolocators initially deployed on 5 February 2015 (4) and 2-9 March 2017 (4) in Swan Lake and Fallon, Nevada.

Spring Breeding Molt Fall Winter
Mean Departure Departure Mean
stopover Arrival at from Arrival at from stopover Arrival at

Identification No. duration breeding breeding molting molting No. duration wintering

No. Stopovers (d) grounds grounds area area Stopovers (d) grounds
806M 2015 2 22.2 28 March 2015 6 July 2015 9 July 2015 28 October 2015 1 11.5 15 November 2015
809M 2015 4 15.5 18 April 2015 18 June 2015 10 July 2015 14 October 2015 3 5.8 4 November 2015
815M 2015 4 20.8 15 May 2015 28 June 2015 30 June 2015 21 August 2015 3 12.7 —
817F 2015 2 22.1 28 March 2015 30 July 2015 8 August 2015 4 October 2015 — — —
439F 2017 2 13.5 13 April 2017 — — 17 September 2017 4 15.8 30 November 2017
300M 2017 5 10.3 12 May 2017 18 June 2017 24 June 2017 29 August 2017 2 24.5 31 October 2017
364F 2017 2 245 8 May 2017 — — 9 September 2017 4 15.5 3 December 2017
385M 2017 3 13.3 20 April 2017 16 June 2017 12 Aug 2017 26 September 2017 3 6.3 11 October 2017
300M 2018 7 9.3 3 May 2018 13 June 2018 25 June 2018 12 October 2018 3 6 —
364F 2018 2 3.2 30 March 2018 — — 14 October 2018 2 15 19 November 2018
Mean (all) 3.3 14.8 21 April 27 June 13 July 26 September 2.7 12.3days 12 November
SE (all) 0.5 22 59 6.2 7.6 7.1 0.3 2.5 7.1

as 1 SE from the mean) during the spring migration, each
of which lasted an average of 14.3 d (+=2.1, n=10; Table
2). For the fall migration, canvasbacks made an average
of 2.5 stopovers (0.4, n = 9), each of which lasted an
average of 13 d (£7.1, n =9; Table 2). The mean arrival
date at breeding grounds was 4 April (£5.9 d, n = 10;
Table 2) and mean date for leaving breeding areas was
11 July (£14 d, n = 7). The mean arrival date at molting
grounds was 14 July (£7.6 d, n = 7; Table 2) and mean
date for leaving molting areas was 28 September (+=11.7
d, n = 10). In cases where breeding and molting areas
were in proximity (two in 2015 and one in 2018), we
treated dates for leaving breeding areas and entering
molting areas as missing data because of high levels of
uncertainty.

Of the 10 spring migratory routes we were able to
estimate, eight (five males and three females; Figures 2
and 3) terminated at breeding grounds centered in
southern Canada (Alberta and Saskatchewan) and
including parts of northern Montana and North Dakota,
United States. Of these eight pathways, all but one
passed northeast from our northern Nevada capture site,
passing through (and most stopping briefly) near a
known spring staging area in northern Utah before
reaching their eventual breeding grounds (Figures 2 and
3). The remaining two spring migratory pathways ended
at breeding grounds in Alaska (one male and one
female), one trending north from the capture site and
passing through coastal Oregon and Washington (this
individual, No. 815M, appeared to move directly west
from the Nevada capture site and stop briefly in
California’s Central Valley before embarking north to
Alaska) and the other taking an inland route through
Idaho, Montana, and Alberta before ending in central
Alaska (Figures 2 and 3). With most of our sample
representing only a single year of data (beginning during
spring migration and ending during the overwintering
period), we were unable to estimate the timing of the
initiation of spring migration for most individuals in our
sample. However, we found that one male (No. 300M)
left his wintering area on 12 February 2018 and one
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female (No. 364F) left her wintering grounds on 19 March
2018; these were both the birds that had 2 y of data
recorded (Figure 4).

Most (7 of 10) canvasbacks moved substantial
distances from their breeding grounds to distinct
molting and staging grounds (molt migration), which
we were able to differentiate on the basis of light-level
data (Figures 2 and 3). For example, one male (No. 809M;
Figure 2b) moved northwest from his breeding site,
making one stopover in Alberta (4 d) before continuing
as far as northwest Alberta to his molting area (49 d).
Two other males (No. 300M and 385M; Figures 3d and
3¢) migrated northwest to northern Alberta and northern
Northwest Territories and Alaska and stayed for 66 and
45 d, respectively. The average time spent at molting
areas in 2015 was 49.5 (£9) d (Figure 4). In general, the
distance traveled to molting areas was greater for males
(mean 960 km, SE = 275 km) than for females (mean 190
km, SE =78 km; t = 2.69; P = 0.03); however, this result
must be treated cautiously because of small sample size.

Three of our 10 canvasback migration pathways ended
prematurely because of battery failure before or early
during fall migration (No. 815M, 817F, and 300M). Of the
seven total fall migration pathways we recovered, four
were generally similar to spring migration routes (in
reverse), heading south through southern Canada
(Alberta or Saskatchewan) and into northern Utah or
southern Idaho and then southwest to California. The
remaining three canvasbacks took a more coastal route
to California’s Central Valley, heading south through
Washington and Oregon from British Columbia. Geo-
locator data showed that one male (No. 300; Figure 3e)
made three stopovers in northern mainland Canada (7, 7,
and 3 d), and may have traveled west as far as Alaska
before reaching his final harvest location in northern
California. However, the extreme distances moved
during the final 3 d of fall migration rendered the
migration path highly uncertain (denoted by question
marks in Figure 3e). Data for all our recovered geo-
locators were consistent with major overwintering sites
located in California’s Central Valley or coastal California
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Figure 2. Canvasback Aythya valisineria migration paths, staging locations, and migratory end points (breeding, molting, wintering)
for 5 (of 10) migrations estimated from light-level geolocator data recovered from birds originally captured in northwestern Nevada
in spring (2015-2017). All five of these birds likely overwintered in California’s Central Valley, bred in the Prairie Pothole Region, and
exhibited relatively short molt migrations. Estimated locations at each twilight (and associated positional error) are represented as
merged, rounded polygons encompassing the interquartile range of the posterior distribution for latitude and longitude. Locations
estimated to occur during active migrations are displayed with a dashed outline, whereas locations estimated to occur during a
stationary period are displayed with a solid outline. Colors indicate the timing of stopovers (defined by the inset color legend) and
the intensity of each color denotes the number of twilights for which a particular location was included within the interquartile
range during a particular stationary period (indicating relative plausibility of being the “true” stationary location). Narrow ellipses
with strong north-south orientations represent location estimates occurring during spring and fall equinoxes, for which latitudinal

uncertainty is especially large. One female (No. 364: panel e) did not exhibit a distinct molt migration.

(e.g., San Francisco Bay). In fact, hunter recovery of birds
in California (four Central Valley, two San Francisco Bay
area, and two northern coastal bays between Arcata and
Crescent City) accounted for all eight total geolocators
that were successfully retrieved for this project. Arrival at
overwintering grounds tended to occur around approx-
imately mid-November (mean arrival date was 12
November, with SE = 7.1 d; Table 2; Figure 4).

Discussion

To our knowledge this study is the first to assess
movements of canvasbacks using tracking technology in
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the Pacific Flyway. Specifically, we used data from light-
level geolocators to reveal important information about
seasonal movements for canvasbacks migrating through
northwestern Nevada in early spring, including locations
of breeding, molting, staging, and wintering grounds,
the timing of arrival and departure from these key
habitats, and migratory routes used to connect them. We
acknowledge that our study represents only one small
part of the Pacific Flyway (e.g., a large proportion of
Pacific Flyway canvasbacks are known to migrate
through the Klamath Basin instead of northern Nevada),
and that our sample size (10 migrations for eight birds) is
too small to draw general inferences about canvasback
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Figure 3. Canvasback Aythya valisineria migration paths, staging locations, and migratory end points (breeding, molting, wintering)
for 5 (of 10) migrations estimated from light-level geolocator data downloaded from birds originally captured in northwestern
Nevada in spring (2015-2017). All five birds likely overwintered in California’s Central Valley, bred in either the Prairie Pothole Region
or Alaska, and tended to exhibit relatively long-distance molt migrations that sometimes extended into the Arctic Circle. Estimated
locations at each twilight (and associated positional error) are represented as merged, rounded polygons encompassing the
interquartile range of the posterior distribution for latitude and longitude. Locations estimated to occur during active migrations are
displayed with a dashed outline, whereas locations estimated to occur during a stationary period are displayed with a solid outline.
Colors indicate the timing of stopovers (defined by the inset color legend) and the intensity of each color denotes the number of
twilights for which a particular location was included within the interquartile range during a particular stationary period (indicating
relative plausibility of being the “true” stationary location). Narrow ellipses with strong north-south orientations represent location
estimates occurring during spring and fall equinoxes, for which latitudinal uncertainty is especially large. The last 3 d of the fall
migration for individual No. 300M (panel e) were particularly uncertain (likely due to very-long-distance daily movements with no
stopovers) and we therefore suggest two possible paths for this individual, each interspersed with question marks to denote
uncertainty. The more southerly route for No. 300M is more likely, since it was harvested on the northern California coast shortly

after the final geolocator recording.

migrations in the Pacific Flyway. In our study, 80% (8 of
10) of canvasback migrations used breeding grounds in
southwestern prairie Canada, suggesting that the
western Prairie Pothole Region may potentially be more
important for supporting some canvasbacks in the
Pacific Flyway than previously thought (Bellrose 1980;
Johnson and Grier 1988), at least for those canvasbacks
migrating through northwestern Nevada. The remaining
birds in our study used breeding locations on the Alaska
Peninsula and central Alaska that have not previously
been identified as important breeding sites for canvas-
backs in the Pacific Flyway. Of great interest is the one
female (No. 364 [2017] and No. 364 [2018]; Figures 3b
and 2e) that apparently settled on nesting grounds in
southern Saskatchewan and then in central Alaska in
successive years. It is generally understood that female
canvasbacks exhibit high fidelity to their nesting grounds
(Lindberg et al. 2001). The migration routes estimated for
canvasbacks in this study crossed multiple states and
two countries, which underscores the need for continued
cooperation across political boundaries to manage
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habitats throughout the annual cycle. Nonetheless, small
sample size limits the inferential strength of this study,
and our results, although suggestive, should not be used
to make broad generalizations.

Despite similarities in the timing of migratory move-
ments and locations of breeding grounds, stopover
locations often differed substantially among the four
individuals documented in our study. Canvasbacks for
which fall and spring migrations were fully documented
(n =7) used nearly the same mean number of stopover
sites during the spring and fall migration periods (2.9 and
2.7 sites) and stopover duration (14 and 13 d). Some
regions heavily used by several canvasbacks in this study,
such as the Great Salt Lake, wintering grounds in
California’s Central Valley, and our trapping locations in
western Nevada, are already known to be important for
canvasbacks and other migrating waterfowl. However,
our results also suggest the presence of several
additional stopover locations around southeast Idaho
and central Washington, which may support canvasback
breeding in Canada, and an additional stopover site
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Figure 4. Timing of migratory movements, migration paths, stopovers, and migratory end points (breeding, molting, wintering) for
eight canvasbacks Aythya valisineria originally captured in northwestern Nevada in spring (2015-2017), inferred from light-level
geolocator data. Individual stopovers were merged when they were less than 150 km apart (typical positional accuracy from
geolocators). A trapezoidal zone of contact between breeding and molting periods represents periods with an unknown split date
(likely both activities occurring in the same general area). Note that No. 439 represents data recorded in 2017 and is therefore not
directly comparable with the other birds (representing data recorded in 2015). Also note that the “molting” stopover likely includes

both molting and staging in preparation for fall migration.

north of Puget Sound that may be important for
canvasback breeding in Alaska. Again, we acknowledge
a second exit migration corridor from the Central Valley
of California through the Klamath Basin, and thus, our
results are only applicable to those canvasbacks that
move through western Nevada in the spring. Conserva-
tion of stopover sites such as these is important for
maintaining migratory connectivity with larger well-
established stopover locations (Haig et al. 1998; Webster
et al. 2002; McKinnon et al. 2013). Additional stopover
locations that may have been used for shorter durations
were likely not detected in our analysis because of
insufficient spatial resolution; detection of such sites
would likely require alternative instruments (e.g., GPS
tags). Some of these differences in stopover location,
duration, and timing may be explained by age, sex, or
individual quality. Because of our small sample sizes we
cannot test for these differences, but they are important
factors that should be the focus of future geolocator
studies. We know that timing of molt migration is
affected by sex and reproductive success (Hochbaum
1944) and timing of fall migration is driven by nest or
brood success (Burger et al. 2012), but further insights
are likely to be gained from geolocator research.

We believe that light-level geolocators, combined with
other tracking technologies, have great potential for
studying migratory movements in waterfowl. These
small, unobtrusive instruments provide advantages in
terms of weight and cost effectiveness, and are well
suited for addressing broad-scale questions about
seasonal movements (McKinnon et al. 2013), such as
long-range migration paths, important stopover sites,
and the timing and location of migration movements
(Niles et al. 2010; Catry et al. 2011; Johnson et al. 2011;
Delmore et al. 2012; Solovyeva et al. 2012; Stach et al.
2012; Minton et al. 2013; Salewski et al. 2013; Hobson
and Kardynal 2015; Linkhart et al. 2016; Rakhimberdiev et
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al. 2016). Of course, there are also substantial disadvan-
tages associated with geolocator technology, including
reduced spatiotemporal resolution relative to more
standard GPS telemetry methods. In addition, unlike
GPS systems, the raw data of geolocators requires
extensive postprocessing analyses to estimate geograph-
ic locations, adding an additional layer of locational
uncertainty (analytical error). Furthermore, it is more
difficult to estimate latitude than longitude from light-
level geolocator data during equinox times because day
length is similar throughout all latitudes during the solar
equinox. Finally, low recovery rates associated with
geolocators may require the deployment of hundreds
of tarsal-mounted units to obtain a large-enough sample
size—which may in turn cancel out any cost savings
associated with geolocators (many GPS collars can
transmit data remotely through satellite networks, with
data recovery rates approaching 100%). However, we
believe the advantages of obtaining nesting information
and likely much reduced behavioral effects are beneficial.
Overall, we contend that more widespread deployment
of tarsal-mounted geolocators on canvasbacks and other
waterfowl species at multiple capture sites within the
Pacific Flyway including sites in the Klamath Basin would
allow researchers to more accurately characterize habitat
use and movements of migratory waterfowl. Such data
would enable waterfowl managers in Nevada and other
states and countries within the Pacific Flyway to ensure
that the geography and timing of management actions
match appropriately with the geography and timing of
major waterfowl movements. Additionally, this study
demonstrates that tarsal-mounted, not nasal-saddle-
mounted, geolocators can be a safe and effective means
for estimating the seasonal habitat use and timing of
movements for diving birds, which have proven difficult
to track over long distances using alternative means (e.g.,
GPS tags) using both external and internal attachment
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(Perry 1981; Robert et al. 2006; Latty et al. 2010, 2016).
Last, tarsal-mounted geolocators may lessen behavioral
differences because of their weight and attachment
methods when compared with larger GPS tags (Hupp et
al. 2015).

Our geolocators recorded usable data for the majority
of the deployment period, but they recorded a shorter
period than anticipated, with a high proportion showing
some form of premature failure (four of eight; three with
battery failure and one with light-sensor failure). This
failure rate is consistent with other published geolocator
studies (Minton et al. 2010; McKinnon et al. 2013)—in
fact, some studies have experienced failure of most or all
geolocators (Minton et al. 2011; Bridge et al. 2013). We
were unable to retrieve any nasal-saddle geolocators and
suspect that nasal saddles either negatively affected
survival or, more likely, were lost at high rates, but are
unable to determine causes because of lack of data. Our
failure to retrieve nasal-saddle geolocators prevented us
from comparing the quality of data recorded vs. leg-
band mounts. Nonetheless, leg-band geolocators pro-
vided light-level readings of sufficient quality to estimate
stopover locations, and we detected no difference in
recovery rate for canvasbacks marked with standard
metal bands vs. those with leg-band-mounted geo-
locators, weakly suggesting no adverse effect of leg-
mounted geolocators on survival rates (consistent with
other studies; Bell et al. 2017). Finally, when deployed on
female birds, leg band-mounted geolocators have the
additional advantage of estimating the timing and
duration of reproductive bouts (shading of light detec-
tors because of incubation activities can be easily
detected; Burger et al. 2012; Gosbell et al. 2012). We
found evidence from our geolocator data that the two
female canvasbacks each nested successfully once
during 2015 and further analysis of breeding may be
possible using methods similar to those of Cook (2019).
Therefore, we suggest that leg bands should be the
standard method for geolocator attachment for water-
fowl. We do not suggest continued use of nasal saddles
for mounting light-level geolocators on canvasbacks and
similar waterfowl species given the sufficient light levels
recorded from leg mounts.

Finally, by linking the results from our study (and
similar geolocator studies) with commonly collected
waterfowl survey data (collected visually from aircraft), or
even citizen scientist data such as eBird (Soulliere et al.
2013), researchers should be able to refine estimates of
waterfowl population abundance estimates and esti-
mates of population-level movements around the state
and region (Laughlin et al. 2013; Fleming et al. 2019). For
example, our study indicated that canvasbacks remained
at Nevada stopover sites no longer than 1.5 d (our
minimum threshold for designating a “stationary peri-
od”). Therefore, the set of canvasback individuals
observed via aerial census counts in Nevada would likely
experience a nearly complete turnover between surveys
conducted 2 or 3 d apart at the same location. Critically,
the combination of repeated aerial counts and site-level
turnover rates (determined from geolocator studies)
could be used to generate estimates of the total number
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of waterfowl migrating through particular states or using
specific wetlands as stopovers, which would help inform
habitat management decisions.
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Data S1. Summary capture data (e.g. sex, date of
original geolocator deployment, capture date) for eight
canvasbacks Aythya valisineria from which light-level
geolocator data were successfully recovered for this
study. All canvasbacks were originally captured in
northwestern Nevada in spring (2015-2017) and recov-
ered geolocator data (see Data S2) were used to infer
migration paths, staging locations, and migratory end
points (breeding, molting, wintering) for these birds.
Capture summaries are provided as a comma-separated
text file.

Available: https://doi.org/10.3996/JFWM-20-032.51 (2
KB CSV)

Data S2. Raw (preprocessed) light-level data for eight
canvasbacks Aythya valisineria originally captured in
northwestern Nevada in spring (2015-2017), download-
ed from light-level geolocators attached with ancillary
leg bands. These recovered geolocator data were used to
infer migration paths, staging locations, and migratory
end points (breeding, molting, wintering) for each
individual canvasback using the R code provided (see
Data S3). Raw light-level data are stored in two separate
files: one containing the raw light-level data from
throughout the entire deployment period for each bird
and the other documenting the inferred timing of all
twilight periods (dawn and dusk) during the entire
deployment period for each bird. To run the code (see
Data S3) the data for each bird should be stored in
separate subfolders (each labeled with the unique metal
leg-band number; column labeled “band” in the data
files). Accompanying these data files are two metadata
text files describing each column of each of the raw
geolocator data files.

Available: https://doi.org/10.3996/JFWM-20-032.52
(63.58 MB CSV); https://doi.org/10.3996/JFWM-20-032.53
(424 KB CSV); https://doi.org/10.3996/JFWM-20-032.54 (1
KB TXT); https://doi.org/10.3996/JFWM-20-032.55 (1 KB
TXT)

Data S3. R code for inferring waterfowl movement
trajectories on the basis of light-level geolocator data
(see Data S2 for the raw light-level data used for this
study). In this study, we estimated canvasback Aythya
valisineria migration paths, staging locations, and migra-
tory end points (breeding, molting, wintering) on the
basis of light-level geolocator data recovered from birds
originally captured in northwestern Nevada in spring
(2015-2017). The R code for performing these analyses is
available as a single text file, which contains the code
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needed to run the particle filter analyses and infer
migratory trajectories followed by the code needed to
produce the figures presented herein.

Availble: https://doi.org/10.3996/JFWM-20-032.56 (84
KB R)
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im/satellite_gps_telemetry/_assets/12191813hi.pdf
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All raw data and R code needed to reproduce the results
presented herein can be downloaded from our GitHub
repository: https://github.com/natehe20/CANV_
movements
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