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The Bay of Fundy, Canada is a critical staging area for Semipalmated
Sandpipers (Calidris pusilla) during post-breeding migration. Recent range-
wide population declines and changes in diet and migratory timing in the
Bay of Fundy prompted a re-examination of staging ecology, including
length of stay (last estimated in 1981), which is used in calculating migratory
population estimates. We used radio-telemetry and the Motus Wildlife
Tracking System to estimate individual length of stay and departure conditions
for 159 Semipalmated Sandpipers in 2013 and 2014. Using tracking data
we compared two estimation methods, minimum length of stay and mark-
recapture modelling. Using minimum length of stay, the mean length of
stay was approximately 21 days, an increase from the previous estimate of
15 days. Mark-recapture models suggested a much longer staging period
that is inconsistent with other data. Sandpipers captured early in the staging
period stayed longer on average than those captured later. Departures from
the staging area were correlated with north-westerly winds, moderate to
high wind speeds and low but rising atmospheric pressures. We suggest
that Semipalmated Sandpipers in the Bay of Fundy are not operating on a
time-selected migration schedule and instead wait for favourable weather
conditions to depart, which occur more often later in the migratory period.
Population trends in the Bay of Fundy should be re-evaluated in light of the
increased length of stay.

Semipalmated Sandpiper, Calidris pusilla, staging site use, migration, length of stay,
radio-telemetry, Motus Wildlife Tracking System
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Introduction

Shorebirds are highly migratory, with many species
travelling from their Arctic breeding grounds to southern
wintering areas and back each year (Myers et al., 1987). These
areas are often separated by vast expanses of unsuitable habitat,
resulting in long, non-stop flights between distinct staging sites
(Myers, 1983; Morrison, 1984; Myers et al., 1987; Warnock,
2010). At these staging sites, migrants feed extensively and
accumulate fat reserves needed to support flights to the next
destination (Hicklin and Smith, 1979; Zwarts et al., 1990; Pfister
et al,, 1998). Large proportions of global populations often rely
on a few key staging sites, and changes at these geographic
bottlenecks can have significant impacts on the status of the
population (Myers, 1983; Myers et al.,, 1987; Niles et al., 2009;
Studds et al,, 2017; Li et al,, 2019). Thus, having an accurate
understanding of staging ecology plays a key role in effective
monitoring and conservation.

Knowledge of individual length of stay is a critical aspect
of understanding how shorebirds use particular staging sites.
Historically length of stay was expected to be dependent on rates
of mass gain and migrants were thought to depart as soon as
sufficient fat levels were acquired (Dunn et al,, 1988; Alerstam
and Lindstrom, 1990; Lyons et al., 2008; Turcotte et al., 2013).
However, many studies have found a lack of a relationship
between mass at capture and length of stay, suggesting other
extrinsic factors play a role (Page and Middleton, 1972;
Holmgren et al., 1993; Skagen and Knopf, 1994; Lyons and Haig,
1995; Warnock and Bishop, 1998). Some of these missing pieces,
such as unrecognized variation in migratory strategy, may be
resolvable in future using new tracking technologies. Linscott
and Senner (2021) discussed non-fuelling behaviours, such as
sleeping, recovery and social interactions, regularly observed
at staging sites which could decouple length of stay from rate
of weight gain. Further, the relationship between fuel load on
capture and length of stay can vary with time in the season
(Anderson et al,, 2019) and staging site quality (Herbert et al,,
2022). Finally, in addition to extensive within-season variation,
length of stay may also vary among years or increase or decrease
over a period of many years as a result of changes in habitat
quality, prey availability, predator pressure or climate conditions
(e.g., Ydenberg et al., 2004; Gordo, 2007).

Accurate knowledge of length of stay is particularly
important in population estimates (Bishop et al.,, 2000), and
unrecognized changes in length of stay can generate false
population trends (Bishop et al,, 2000; Ydenberg et al., 2004).
There are different methods for estimating length of stay.
Minimum length of stay is commonly used in tracking studies
(Kennedy et al., 2017; Anderson et al., 2019; Herbert et al., 2022),
though alternative methods like mark-recapture modeling,
which can account for time at a site prior to capture, could
provide more accurate estimates (Pradel et al.,, 2005; Pledger
et al, 2009). To date there has been limited work directly
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comparing these methods in shorebirds, though what has been
done suggests substantial discrepancies (Howell et al,, 2019).
Staging periods are often longer than required to acquire
the necessary fat stores, particularly on post-breeding migration
(e.g., Pfister et al., 1998; Roques et al., 2021), possibly due to
birds arriving at staging sites early and lingering throughout
the season. Alerstam and Lindstrom (1990) suggested that
early arrival might be beneficial, for example, when competing
for food resources at staging sites (Schneider and Harrington,
1981). However, while extending time at a staging site by
early arrival may be advantageous, late departure may pose
added risks. There are numerous examples of later-arriving
migrants staying for shorter periods than birds that arrived
earlier in the season (Lank, 1983; Lyons and Haig, 1995;
Warnock and Bishop, 1998; Warnock et al., 2004). Constraints
such as predator presence and weather conditions may prevent
extension of stays at staging areas. There is evidence that
Western Sandpipers (Calidris mauri) have been shortening their
length of stay to stay ahead of migrating raptors as Peregrine
Falcon (Falco peregrinus) populations have recovered (Butler
et al.,, 2003; Ydenberg et al., 2004; Hope et al., 2011). Favourable
weather conditions assist migrating birds (Williams et al., 1977;
Richardson, 1979; Stoddard et al., 1983; Anderson et al., 2019;
Roques et al., 2021) and may be even more important than fat
stores in migratory decisions by substantially reducing the cost
of flight (Butler et al,, 1997). However, during fall migrations
the frequency and intensity of storms usually increases as the
season progresses, which may prevent migrants from extending
their staging period late into the season and contribute to
observed seasonal patterns of length of stay (Morrison et al,
2012; Environment and Climate Change Canada, 2022).
Semipalmated Sandpipers (Calidris pusilla) are one of the
most widely distributed and numerous shorebirds in North
America (Andres et al, 2012), and a substantial portion of
the world population stages in the Bay of Fundy, NS and
NB, Canada during their fall migration (Hicklin, 1987). These
small shorebirds arrive in the region from their Arctic breeding
grounds, double their weight during their stay (Hicklin and
Smith, 1979) and depart from the Bay of Fundy on a non-
stop trans-oceanic flight of 3,000-4,000 km to South America
(Hicklin and Gratto-Trevor, 2010). This species, like most
shorebirds (Rosenberg et al., 2019), has experienced widespread
population declines, possibly due to human harvest in northern
South America (Morrison et al,, 2012), reduction of prey and
mass gain during spring stopover in Delaware Bay (Mizrahi
et al,, 2012), and climate change and related impacts on the
breeding grounds (Andres et al., 2012; Peterson et al,, 2013).
In the Bay of Fundy, peak Semipalmated Sandpiper migration
has shifted later since the 1980’ (Bliss et al.,, 2019), and diet
has shifted from heavy reliance on the amphipod Corophium
volutator (Hicklin and Smith, 1979, 1984) to a more generalist
diet (Quinn and Hamilton, 2012; Gerwing et al., 2016; Neima,
2017). We have also seen that there are sub-populations within
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the Bay of Fundy that generally do not intermingle (Neima
et al,, 2020), and that diets vary among regions (Quinn and
Hamilton, 2012; Neima, 2017). This indicates that conditions
may have changed significantly since length of stay in the
Bay of Fundy was last estimated in 1981 (Hicklin, 1987).
In view of a potentially declining population, it is vital to
have an accurate and current estimate of length of stay. We
undertook this study to assess two main questions: (1) what
is the current length of stay, and (2) has length of stay in
the Bay of Fundy changed since it was last estimated in 1981,
and if so by how much? We also compared methods for
estimating length of stay, including minimum length of stay
(e.g., Anderson et al, 2019) and mark-recapture modelling
(Schaub et al,, 2001; Pledger et al., 2009). For both model types,
we assessed regional and temporal variation in length of stay
and coupled that information with existing knowledge of diet
in different arms of the Bay. Finally, we examined departure
routes and conditions that may influence departure timing, as
these could offer potential explanations for changing length of
stay in this species.

Materials and methods

Study sites, capture methods, and
radio-telemetry

We captured Semipalmated Sandpipers in August 2013 and
2014 using mist nets and Fundy pull-traps (Hicklin et al., 1989).
We captured them in three different regions within the Bay
of Fundy (Chignecto Bay, Cobequid Bay, and Minas Basin;

10.3389/fevo.2022.897197

Figure 1) and across time periods that reflect passage of both
early and later migrants (see Supplementary Figure 1). Each
bird was banded with an individually coded metal band for
lifelong identification, one to two plastic colour bands to identify
them as part of our project, and a field-readable coded plastic leg
flag for visual identification in the field. To determine length of
stay, we deployed a total of 179 individually coded 0.35-g Lotek
radio-transmitters (NTQB-2, Lotek Wireless Inc., Newmarket,
ON, Canada) on adult birds: 85 in 2013 and 94 in 2014.
For details on capture and radio-transmitter specifications, see
Neima et al. (2020). The total weight of the transmitter and leg
bands was <2% of the body weight of a light sandpiper (20 g).
We selectively tagged light birds, as low mass is indicative of
recent arrival in the Bay of Fundy; 88% of radio-tagged birds
were lighter than 30 g at capture (maximum = 33.6 g). We
chose this approach because this is a staging site—used as a
single stop by the majority of birds during their southbound
migration (Warnock, 2010). Heavy birds are thus highly unlikely
to have arrived recently, and tagging them would have limited
our ability to track movements in the region, as well as seriously
underestimated their staging duration using the minimum
length of stay method.

We tracked the birds throughout the staging period using a
combination of aerial surveys, mobile ground tracking and an
array of automated stationary receivers placed at key foraging
and roost sites (Figure 1). Stationary receivers were either
a Lotek DL model (Lotek Wireless Inc., Newmarket, ON,
Canada) or a Sensorgnome (Taylor et al, 2017). For details
on receiver configuration and function, see Taylor et al. (2017)
and Neima et al. (2020). In addition to our own array within
the Bay of Fundy, we also had access to data collected by
receivers stationed along the coast of Nova Scotia and the north
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FIGURE 1

Map of the upper Bay of Fundy showing the three regions of the bay (Chignecto Bay, Cobequid Bay, and Minas Basin), catch locations (yellow
stars), receiver locations and antenna orientations (grey circles and lines).
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eastern United States,' allowing us to track birds following
their departure from the region. We augmented the stationary
receiver array with mobile ground and aerial tracking as
described in Neima et al. (2020).

Statistical analysis

All analyses were performed using R, version 4.0.4 (R
Core Team, 2021), with an R Studio interface (RStudio Team,
2020). Parametric assumptions were tested using Cochrans test
of homogeneity of variance and Shapiro-Wilk normality tests
combined with visual inspection of Q-Q plots. As data were
unbalanced, Type III sums of squares were used to test for an
interaction, and when no interaction was present, Type II was
used (Langsrud, 2003; Hector et al,, 2010). Tukey’s HSD was
used for post hoc comparisons when appropriate.

We performed a linear regression of length of stay against
relative fuel loads for each region and year combination to
determine whether mass at tagging affected length of stay.
Relative fuel loads at capture were calculated using the following
equation from Anderson et al. (2019):

(Mass at Capture (g) — Estimated Lean Mass (g))
Estimated Lean Mass (g)

f=

Estimated lean mass was calculated using separate
regression equations for adults and juveniles, generated by
Anderson et al. (2019) using wing cord to account for variability
in size among individuals.

We calculated the individual minimum length of stay as the
time from the release of the tagged bird until its last detection
in the region. When calculating the mean length of stay for each
year, we excluded birds that stayed less than 5 days and were
not detected on receivers outside the Bay of Fundy, as these
birds were well outside the population distribution (Figure 2,
Nao13 = 4, Nag14 = 12). The majority of those (9/16) were
detected for less than 1 day, likely the result of lost or defective
transmitters. Of the remaining seven birds excluded, all but
two were tracked for only 2 or 3 days. Excluded birds weighed
between 23.3 and 30.8 g at capture. At that weight, 5 days was
not sufficient time to accumulate the remaining fat necessary to
migrate successfully, making it unlikely that these data represent
true length of stay. We also excluded one bird in 2014 with
extremely unusual behaviour-it left the Bay of Fundy and was
detected on the eastern US coast and then returned to Fundy
(Neima et al.,, 2020). This left 81 birds in 2013 (95%) and 78 in
2014 (83%) for the minimum length of stay analysis.

To compare minimum length of stay between regions, we
included only birds that had stayed in one region for their
entire staging period [95% of birds, Neima et al. (2020)].
Due to significant interactions between region and year, we

1 www.motus-wts.org for complete receiver array.
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FIGURE 2
Distribution of length of stay in (A) 2013 (N = 85) and (B) 2014
(N =94).

split by year. For both years we completed ANCOVAs with
length of stay as the dependent variable and region as a
categorical predictor. Date of tagging (day of year) and relative
fuel loads were included as covariates in both years. In 2014
length of stay was log transformed to meet assumptions.
We extracted beta coefficients for continuous predictors using
the Im.beta R package (Behrendt, 2022). We used Tukey’s
post hoc comparisons to examine differences in length of stay
between regions.

We also estimated length of stay using mark-recapture
models. We fit Pradel Survival and Seniority models using the
RMark interface (Laake and Rexstad, 2022) for program Mark?,
closely following methods described in Howell et al. (2019). We
estimate survival (¢, interpreted as site, or regional fidelity),
recapture (p), and seniority (y, interpreted as probability
of being at the site prior to capture) parameters. ¢ is the
combination of true survival (S) and site fidelity (F), but for
these models we only used data from birds with confirmed
departures from the region. Therefore we assume S = 1,
allowing us to interpret ¢ as site fidelity. The telemetry towers
were constantly scanning for tags, so we expected recapture
probability (p) to be high. Given the variability in the landscape

2 www.phidot.org
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within the Bay we assume it was not perfect, and therefore set
p at 0.90. Both ¢ and y were held constant to estimate length of
stay. We analyzed data from 2013 and 2014 separately to account
for differences in capture history lengths between years. Capture
histories were generated using detection data. Days where a
tagged bird were detected in the region received a “1,” and days
they weren’t detected were “0,” beginning on the date the first tag
was deployed and continuing until the last tagged bird departed
the region. We included location of tagging (area of the Bay)
as a categorical variable, and date of tagging and fuel loads as
covariates. We generated an estimated length of stay for each
area of the Bay, and an average for each year.

To directly compare estimates of length of stay using the two
methods, we ran a second set of minimum length of stay models
using only birds which had a confirmed departure from the
region (N2g13 = 37, Nag14 = 53), the same dataset used for mark-
recapture models. We completed separate ANCOVAs for each
year due to an interaction. Length of stay was the dependent
variable, region was the categorical predictor, and date of tagging
and relative fuel loads were covariates.

Confirmed departures from the Bay of Fundy were
obtained when birds were detected by the Motus receiver
array on the coast of Nova Scotia between New Harbour
(45.16746°, -61.45481°) and Outer Island (43.45638°, -
65.7436°), and in one case, on the eastern coast of the
United States (Figure 4). We examined effects of weather
conditions on departure timing using weather data from the
Halifax Stanfield International Airport (44.88483°, -63.51165°,
weatherspark.com) that corresponded with timing of detections
from these receiver arrays. Weather data were partitioned
by hour, so we modelled the number of bird departures
per hour against wind speeds (m/s), wind direction (N, E,
S, W), atmospheric pressure (mbar), change in atmospheric
pressure (mbar/h), and year (2013, 2014, dummy coded as 0
and 1, respectively) using a Poisson distribution with a log-
link function to deal with count data. The final detection
for each bird was considered its departure. We then used
the dredge function and AIC model selection to identify top
models predicting bird departures [R package “MuMIn”; Barton
(2020)]. Models with AIC, values < 2 were averaged using the
model.avg function in MuMin, and we present the conditional
averaged coefficients.

Results

Using the minimum length of stay method, the average
length of stay was estimated to be 21.1 £ 6.7 in 2013 and
214 + 49 in 2014. We found very little evidence of a
relationship between relative fuel load at tagging and length of
stay in Cobequid or Chignecto Bay, but there was a negative
relationship with fuel loads in the Minas Basin in both years
[2013: F(1.25) = 8.97, p = 0.006, R? = 0.26; 2014: F(1 24) = 5.87,
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p =0.02, R? = 0.20]. While the relationship was not significant in
all regions, the trends were similar, so we included relative fuel
load as a covariate in our models.

There was a significant interaction between region and year
in the analysis of minimum length of stay [F(2151) = 6.77,
p = 0.001], so we split by year to further assess differences. In
2013, there were significant differences in length of stay among
regions [F(2,76) = 4.03, p = 0.02]. Sandpipers tagged in the Minas
Basin stayed significantly less time than birds from Chignecto
or Cobequid Bay (Minas vs. Cobequid p = 0.02, Minas vs.
Chignecto p = 0.04), spending ~4 days less in the region (Table 1
and Figure 3). There was no effect of tagging date or relative fuel
loads on length of stay in 2013 [date of tagging: F(1,76) = 1.00,
p = 0.32; Relative Fuel Loads: F(1 7) = 2.83, p = 0.10]. In
2014, differences in length of stay varied among regions as well
[F(2,73) = 4.36, p = 0.02], and there was a significant effect of
tagging date [F(1,73) = 21.05, p < 0.001, Std. B Coeff = -0.545],
with birds tagged earlier in the season staying longer than those
tagged later in the season. There was no effect of fuel loads
on length of stay [F(1 73y = 0.17, p = 0.68]. Sandpipers tagged
in Chignecto differed from those tagged in Cobequid or the
Minas Basin (Chignecto vs. Minas Basin p = 0.04; Chignecto vs.
Cobequid p = 0.04) and stayed approximately 3 days less in the
region (Table 1).

Using mark-recapture models, the estimated length of stay
was much higher than the minimum method, with means
between 30 and 40 days (Table 1). This difference remained
when we repeated our analyses of minimum length of stay
using the same dataset as mark-recapture models (only birds
with known departures); removal of birds for which we did
not detect departure had little effect on mean lengths of stay
(Table 1). Large differences between minimum length of stay
and mark-recapture models are likely due to the estimation of
the seniority parameter in the mark-recapture models. This is
the estimate of how long the birds were at the site prior to
capture. The gamma parameter estimates birds were present
14.6 days prior to capture in 2013, and 22.4 days in 2014 (see
“Discussion”).

We detected 37 birds outside the Bay of Fundy as they
departed the region in 2013 and 53 birds in 2014. All birds
except one departed the Bay of Fundy by flying over mainland
Nova Scotia to the southeast coast. The bird that took a different
path was detected along the coast of Maine, after presumably
flying out the mouth of the Bay of Fundy (Figure 4). No other
birds were detected along the US coast following departure
from the Bay of Fundy, suggesting that they departed over the
ocean toward South America. All detections along the coast
lasted under 1 h in both years (median 2013 = 8 min, median
2014 = 4 min), indicating that these were “fly-by” detections as
birds flew over or past receivers without stopping. Departures
were more frequent on certain dates than others (Figure 5).
AICc model selection revealed that the best model for bird
departures included atmospheric pressure, wind direction and
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TABLE 1 Mean length of stay (days) controlling for date of capture and relative fuel loads at capture of tagged sandpipers for each region of the Bay

of Fundy in 2013 and 2014.

Year Region Mean minimum length of Mean estimated length of =~ Mean minimum length of stay of
stay (SEM) stay (SEM) birds with known departures (SEM)

2013 Chignecto 22.6 (0.99) 30.28 (0.47) 20.0 (1.50)
Minas Basin 17.7 (1.41) 26.84 (0.46) 15.0 (1.20)
Cobequid 23.6 (1.54) 31.10 (0.45) 22.8 (1.42)
2014 Chignecto 19.4 (0.81) 38.39 (0.41) 19.6 (1.02)
Minas Basin 22.4 (0.85) 42.46 (0.43) 23.9(1.25)
Cobequid 22.6 (0.92) 39.74 (0.42) 22.6 (1.15)

Minimum length of stay is calculated by subtracting the deployment timestamp from the last detection in the region. Estimated length of stay is calculated from mark-recapture models.
Minimum length of stay with known departures uses the same subset of birds employed in the mark-recapture estimate allowing for direct comparisons between the methods.
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FIGURE 3

Region

Adjusted length of stay (controlling for date of capture and relative fuel load) of Semipalmated Sandpipers using separate regions (Chignecto
Bay, Cobequid Bay, and Minas Basin) of the Bay of Fundy in 2013 and 2014. Boxes represent the median (midline) and first and third quartile
(ends). Details of capture timing are provided in Neima et al. (2020) and Supplementary Figure 1

speed, and year, with the second-best model adding change
in atmospheric pressure (Table 2). In the top model, north-
westerly winds (standardized beta-coefficients relative to E;
N =221, W = 1.68, S = -1.48), moderate to high wind speeds
(1.07), and low atmospheric pressures (-1.64) were correlated
with more departures (Figures 6, 7). The significant effect of
year (0.75) simply reflects the fact that more birds were detected
departing in 2014 than 2013.

Discussion

Estimating length of stay
Accurate estimates of length of stay are critical in calculating

staging population size; a decrease or increase in length of
stay can make it appear as though the population is increasing

Frontiers in Ecology and Evolution

or declining when it is in fact stable (Bishop et al, 2000;
Ydenberg et al,, 2004). Based on radio-tracking data and using
a minimum length of stay approach, we estimated that on
average Semipalmated Sandpipers stage in the Bay of Fundy for
approximately 21 days during post-breeding migration, though
we noted a large range in staging periods in both years (range 8-
31 days). There are two sources of error in our radio-telemetry
estimate. First, birds were present in the Bay of Fundy for
an unknown time before they were captured, generating an
underestimate of staging period. We attempted to minimize this
by selecting birds that weighed less than 30 g, indicating they had
arrived in the region recently. Because this site is used primarily
as a staging area where birds make a single long stop on route to
South America (i.e., they arrive with little fat), we are confident
that this approach is not introducing bias. Heavy birds would
have almost certainly been in the region for a substantial time
before capture, so tagging them would have artificially reduced
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FIGURE 4

Routes taken by all Semipalmated Sandpipers detected following departure from the Bay of Fundy in (A) 2013 (N = 37) and (B) 2014 (N = 55). All
detections along the outer coast were “fly-by” events where individuals were detected for <1 h.

the minimum length of stay. Second, there is evidence that stress
of capture, handling and marking results in increased length
of stay (Warnock and Bishop, 1998; Warnock et al., 2004). The
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FIGURE 5

Frequency of departures by tagged Semipalmated Sandpipers
from the Bay of Fundy on each day of the fall staging period in
(A) 2013 and (B) 2014.
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handling effect reported for Western Sandpipers and Dunlin
(Calidris alpina) averaged 5-9 days (Warnock and Bishop, 1998;
Warnock et al.,, 2004). However, birds in that study use a short
multi-hop strategy. As Semipalmated Sandpipers stage in the
Bay of Fundy for much longer periods, they may be better able to
absorb the handling lag within their normal staging period and
the extension of length of stay may be somewhat less than in
the previous studies. We have limited data from Semipalmated
Sandpipers captured twice in short succession (within 1-3 days)
at Petit Cap, a coastal site on the Northumberland Strait
geographically close to the Bay of Fundy (n = 18, unpublished
data). Assuming a predicted weight gain rate of 1 g/day [as in
Mann et al. (2017) and based on Davidson (1984) and Zwarts
et al. (1990)], we calculated the difference between what birds
would be predicted to have weighed and what they did weigh
on recapture. Birds were on average 1.8 g lighter than predicted
(observed weight change -2.8 g to +4.5 g). This minor deficit
that birds incur gives us confidence that the handling delay
imposed by their capture is not approaching the effects noted
by Warnock and Bishop (1998) and Warnock et al. (2004).
Mark-recapture methods to estimate staging duration
(Schaub et al, 2001; Pledger et al, 2009) are an alternative
to the minimum length of stay approach discussed above that
avoid the problem of not knowing when a bird arrived. To
assess whether such an approach may be appropriate in our
study system, we compared results from the two methods and
looked at existing data from other studies in which birds that
had known arrival dates were tracked. Our minimum length of
stay estimate was substantially lower than the estimated length
of stay generated from mark-recapture models. This remained
true when we duplicated our analyses using the same birds as
the mark-recapture models, indicating the trend is consistent
with birds of known departures and is not an artefact of tag
loss. This result is consistent with findings from a similar
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TABLE 2 (A) Top models and their corresponding parameters as
selected by AIC model selection, predicting Semipalmated Sandpiper
departures from the Bay of Fundy based on weather conditions. Only
models with delta AICc values < 2 are presented. Weight represents
the relative likelihood of a model. (B) Standardized model-averaged
coefficients showing conditional averages for parameters from the
top models. In the model year was coded as 0 for 2013 and 1 for 2014.

A. Model 1 Model 2

Model C? df P-value C?> df P-value

parameter

Wind speed (m/s) 17.0 1 <0.001 16.28 1 <0.001

Wind direction 76.06 3 <0.001 59.59 3 <0.001

(N, S, W, E)

Pressure (mbar) 31.42 1 <0.001 31.65 1 <0.001

Pressure change - - - 1.15 1 0.28

(mbar/h)

Year (0, 1) 6.57 1 0.01 525 1 0.02

AlCc 594.1 595.0

Weight 0.61 0.39

B.

Parameter Estimate Standard z-value P-value
error

Pressure (mbar) -1.63 0.29 5.59 <0.001

Pressure change (mbar/h) 0.31 0.28 1.14 0.26

Wind direction (N) 2.13 1.22 1.74 0.08

Wind direction (S) -1.52 1.46 1.04 0.30

Wind direction (W) 1.60 1.21 1.32 0.19

Wind speed (m/s) 1.05 0.25 4.15 <0.001

Year (0, 1) 0.72 0.30 2.41 0.02

methodological comparison in Howell et al. (2019) and raises
questions about the utility of using mark-recapture models for
long distance migrants that are using a single staging site at
which they are known to arrive light and leave heavy. These
models have been shown to increase accuracy for songbirds
(Schaub et al, 2001), which are known to use a different
migratory strategy (hop vs. jump, per language distinctions
in Warnock, 2010). Songbirds often have shorter “stopovers,”
unlike the Semipalmated Sandpipers in our study which “stage”
at just one or two sites for longer periods of time.

In both our study and in Howell et al. (2019), mark-
recapture models appear to overestimate length of stay. This
conclusion is supported by other data in the respective regions
representing the “true length of stay,” (i.e., no effect of handling
stress, and a known arrival and departure date). Limited data
exist on SESA using the Bay of Fundy after being tagged
outside the region or tracked using geolocators. Those results
are far more consistent with our minimum length of stay
estimates than the mark-recapture estimates. Brown et al. (2017)
recorded staging periods in the Bay of Fundy of 18-31 days
for Semipalmated Sandpipers fitted with geolocators in the
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Kernel density plots of atmospheric pressure throughout the
Semipalmated Sandpiper departure period (August 22 to

September 19) from the Bay of Fundy (“overall”) and during
hours when birds departed (“selected”) in (A) 2013 and (B) 2014.

Arctic (n = 3). Further, birds radiotagged on Coats Island, NU,
Canada and in James Bay, ON, Canada between 2014 and 2018
10,
Friis, Smith, Neima, Paquet and Hamilton, unpublished data).

were detected for 7-27 days in the Bay of Fundy (n =

Finally, our minimum length of stay estimates are closer to
estimates from the Gulf of Maine, a nearby staging area for SESA
where the estimated staging period was found to be 9-15 days
(Holberton et al., 2019).

We suggest that the difference in estimates between the
two methods in our study is derived from an overestimation
of the seniority parameter in the mark-recapture models, which
estimated tagged sandpipers had been in the region between 14
and 22 days prior to capture. Given our prior knowledge that
these birds typically arrive lean (20-22 g), it is highly unlikely
birds were present 2-3 weeks prior to capture and weighed
only a few grams more than their lean mass (tagging weights
were between 21 and 33 g). In our mark-recapture models the
estimates of ¢ and y were very similar, which is unrealistic
in this system and likely contributes to the overestimate of
length of stay. We suggest that the models may have performed
better if we had tagged birds of random weights. Our study was
designed to collect data on both length of stay and sandpiper
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movement within the region (Neima et al., 2020), so we tagged
light birds to be able to track them for the majority of their
staging period. This did not bias our data toward birds in poor
condition because they routinely arrive light and leave heavy,
but it did bias the sample to recent arrivals, and the seniority
parameter failed to capture that. Given our findings and those
of Howell et al. (2019), we suggest that additional work should
be done with birds tagged across a wide range of weights
to determine whether these models perform well estimating
length of stay for long-distance migrants at staging locations.
If they do, they would be a valuable option for researchers
studying these species, especially when sample size or prior
knowledge may be limited, and it may not be possible to target
recent arrivals.

Has length of stay changed?

Our radio-tracking estimate of a 21-day length of stay for
Semipalmated Sandpipers in the Bay of Fundy is substantially
longer than Hicklin’s (1987) 15-day estimate. Birds were handled
in both our and Hicklin’s studies, so handling effects did not
generate this change. However, the increase could be partially
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due to the change in method, from colour-marking cohorts
to radio-tracking individuals. To assess the potential effects
of this change in methodology, we attempted to approximate
Hicklin’s method using resightings of flagged individuals. In
2015 and 2016 we conducted a resighting effort that was
consistent with Hicklin’s (1987) work [see Neima et al. (2020)
for details of methodology], with the exception that all resighted
birds had been banded in previous years or elsewhere in
the flyway prior to arrival in the Bay of Fundy. Because
of this, we anticipated that the estimated length of stay of
our flagged birds would not be influenced by a handling
effect, unlike Hicklin’s (1987) birds, and consequently would
be shorter than Hicklin’s estimated length of stay, assuming
true length of stay remained unchanged. Instead, we found
that flagged birds had an estimated length of stay of 17-
18 days, which is 2-3 days longer than the 15 days reported
by Hicklin in the 1970s. If we take into consideration that
Hicklin’s marked birds were likely influenced by a handling
effect, whereas our resighted birds were not, the difference is
probably even greater. Thus, based on an estimated handling
delay of ~2 days (see above), we suggest that length of stay in
the Bay of Fundy has increased by at least 4-5 days (27-33%)
since the 1970’s.
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Regional and temporal variation in
length of stay

We found no consistent differences in length of stay between
areas within the Bay of Fundy. This suggests that a variety of
habitats, in which diets vary (Quinn and Hamilton, 2012; Neima,
2017), can adequately prepare birds for migration (Neima et al.,
2020). This is unsurprising given how Semipalmated Sandpipers
are highly opportunistic foragers (Skagen and Oman, 1996;
Davis and Smith, 2001; Skagen, 2006) and can access high
quality alternate prey items (Kuwae et al., 2008; Quinn et al,
2017; Mogle, 2021). In 2014, early arriving birds stayed longer
than those caught later in the season. The exception was in the
Minas Basin, where time of tagging did not affect length of stay.
The overall trend of earlier arrivals staying longer at staging
areas is common among Calidrid shorebirds (Lank, 1983; Lyons
and Haig, 1995; Warnock and Bishop, 1998; Warnock et al.,
2004). In 2014, this may have been amplified by extreme
tidal events early in the season that flooded roost sites and
caused sustained periods of flight and thus increased energy
expenditure for early migrant birds (Mann et al,, 2017). This
phenomenon may explain why the magnitude of the difference
in length of stay between early and late migrants varied among
sites in 2014. We observed the greatest differences in locations
where high tides were most extreme [i.e., Cobequid Bay, Mann
etal. (2017)].

Our results suggest that Semipalmated Sandpipers in the
Bay of Fundy, especially early migrants, are not operating on
a time-selected migration schedule (Alerstam and Lindstrom,
1990). This result is consistent with studies that have found
that Semipalmated Sandpipers stay at staging sites longer than
necessary to acquire adequate fat stores for migration in both
autumn and spring (Dunn et al., 1988; Skagen and Knopf, 1994;
Lyons and Haig, 1995; Pfister et al., 1998; Roques et al., 2021).
Using an estimated rate of mass gain of 1 g/day (Davidson, 1984;
Zwarts et al., 1990), we calculated that all birds in our study with
known departure dates could have reached weights > 38.7 g,
which would have been sufficient to reach South America in
a single flight (Hicklin, 1987). Many of these birds stayed
long enough to theoretically reach weights much higher than
possible for this species. This suggests that many Semipalmated
Sandpipers are staying in the Bay of Fundy longer than necessary
to gain the required fat stores, contributing to the observed
variability in length of stay.

Conditions affecting departure timing

Our departure data clearly indicate that the Bay of Fundy
is a launching point for migration across the Atlantic to
South America. Almost all birds detected leaving the region
crossed mainland Nova Scotia and departed over the ocean,
not appearing on receivers on the coast of the United States.
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This confirms the migration path proposed by previous radar,
observational studies and computer simulation (Williams et al.,
1977; Richardson, 1979; Lank, 1983) and is consistent with
the observations of Holberton et al. (2019) for Semipalmated
Sandpipers departing the northern Gulf of Maine. Thus it
appears they have a consistent departure strategy.

We found strong evidence that departure timing is
correlated with suitable weather conditions, consistent with
results from studies of this species in different parts of their
range (Anderson et al, 2019; Herbert et al,, 2022). Given the
high cost of a non-stop flight of up to 60 h, favourable weather
conditions may be crucial for successful migration (Lank, 1983;
Stoddard et al., 1983; Butler et al.,, 1997). Our birds left during
periods when pressures were low but rising and winds were
from the north-west, consistent with the passage of a cold front.
Others have noted similar patterns and concluded that these
winds would carry migrants south-east out over the Atlantic
and down into the eastern trade winds, which would push them
back west to South America (Williams et al., 1977; Richardson,
1979; Stoddard et al.,, 1983). This route could allow shorebirds
to maintain a constant heading, relying on tail winds and wind
drift with minimal compensation to reach their destination
[see Linscott et al. (2022) for definitions of responses to wind
flow direction]. Work on passerines suggests that migrants
that use a time-minimizing strategy may be less selective
of wind conditions than those that are energy-minimizers
(McCabe et al., 2018). Given their length of stay, Semipalmated
Sandpipers in the Bay of Fundy are probably energy rather than
time-minimizers [see also Roques et al. (2021)]. This result is
consistent with existing theory and evidence suggesting that
southbound migrants favour an energy-minimizing strategy
(e.g., Hedenstrom and Alerstam, 1997; Duijns et al., 2019) and
adds more evidence that McCabe et al.’s (2018) conclusion
applies to a broad range of bird taxa.

Given the importance of tailwinds during departure,
individuals should maintain their energy reserves at high levels
so that they may depart as soon as conditions become favourable
(Butler et al., 1997). This is consistent with birds spending more
time at staging sites than necessary, as we saw in this study, and
as observed by Roques et al. (2021). Favourable wind patterns
are more common in early autumn than in August. This could
explain why earlier migrants tend to have increased lengths
of stay. Early migrants may be waiting for favourable wind
conditions, while these conditions are available for late migrants
as soon as they have sufficient fat stores. While the frequency of
tail winds increases throughout the fall, so does the frequency
of intense storms, which may represent a significant mortality
risk to migrating shorebirds (Williams et al,, 1977; Morrison
etal, 2012; Watts et al,, 2021). This may prevent migrants from
lingering in the Bay of Fundy, thus curtailing length of stay
for later migrants.

Prey availability and predation pressure may also explain
differences in length of stay between early and late migrating
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sandpipers. Semipalmated Sandpipers have been found to stay
longer at high quality sites (Herbert et al., 2022). Density of
C. volutator, a historically important prey item for sandpipers
in the Bay of Fundy, declines later in the season due to
natural mortality and predation by shorebirds (Schneider and
Harrington, 1981; Hamilton et al., 2006; Barbeau et al., 2009),
although this seasonal pattern seems less strong in other prey
items (Gerwing et al,, 2015). Studies on Western Sandpipers
suggest that sandpipers have reduced their migratory mass and
shortened their stopovers as a result of increased Peregrine
Falcon presence (Butler et al,, 2003; Ydenberg et al,, 2004).
In Atlantic Canada, Semipalmated Sandpipers have shifted
toward using safer habitats as Peregrine Falcon populations
have recovered (Hope et al., 2020). However, Peregrine Falcon
migration on the Atlantic coast occurs later in September
and October (Schmutz et al.,, 1991; Worcester and Ydenberg,
2008; Buskirk, 2012), well after most Semipalmated Sandpipers
have departed for South America. Therefore, it is unlikely
that predator migration strongly influences departure decisions,
though it may prevent birds from lingering late into fall.

Conclusion

Lengths of stay of Semipalmated Sandpipers staging in the
Bay of Fundy were highly variable, although it appears that the
average has increased over the last three decades and is now 18-
21 days based on a minimum length of stay estimation approach.
This has implications for population estimates, which until now
have used the historic 15-day staging period (Hicklin, 1987). We
found no consistent variation in staging period among regions,
suggesting that a variety of diets are all provisioning birds
equally for migration, which is encouraging in a conservation
context. Earlier arrivals stayed longer than late arrivals, and
many birds stayed longer than was necessary to accumulate
the necessary fat reserves, likely waiting for favourable wind
conditions to assist migration. Favourable conditions were more
frequent later in the season, which may have delayed departures
of early migrants, whereas late migrants were able to depart as
soon as they had adequate energy stores. Constraints toward the
end of the migratory period such as increasing frequency and
intensity of storms may also limit length of stay in late migrants.
Given that overall migration timing has shifted later in the past
30-40 years (Bliss et al., 2019), in future these constraints may
render later migrants at a disadvantage.

While we cannot be certain what has caused this increased
staging duration, there are multiple possible hypotheses that
should be considered in a conservation context. First, a longer
stay in this region may signal that birds are arriving in poorer
condition from the Arctic. There are numerous examples of
prey mismatch or other issues related to climate change that
can affect condition of birds prior to migration (Meltofte et al,,
2007; McKinnon et al., 2012; Kwon et al,, 2019). A comparison
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of historic and recent banding data could help in assessing
whether carryover effects may occur in our system. The prey
base in the Bay of Fundy has also changed to some extent,
and sandpiper diets appear to have followed [see discussion
in Quinn and Hamilton (2012) and Gerwing et al. (2016)].
However, given that birds linger longer than they need to for
sufficient weight gain, diet alone is not likely to be responsible
for this change. Disturbance at high tide is another possibility.
Both extreme high tides (Mann et al, 2017) and recovery
of Peregrine Falcons in the region (Dekker et al, 2011) may
lead to birds flying more at high tide when they should be
roosting. This is an energetic cost that could extend staging
in the region. Finally, there may be other pressures selecting
for a longer stay. For example, vulnerability to hunting in
South America (Watts and Turrin, 2016) may favour birds
that delay their arrival in the region. Additional work to assess
these possibilities is needed. Another important next step in
understanding changes in sandpiper migration through the Bay
of Fundy is to investigate survivorship between early and late
migrants and among regions, and to re-evaluate population
trends in light of the increased length of stay.
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