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Body condition (i.e. relative mass after correcting for structural size) affects
the behaviour of migrating birds, but how body condition affects migratory
performance, timing and fitness is still largely unknown. Here, we studied
the effects of relative body condition on individual departure decisions,
wind selectivity, flight speed and timing of migration for a long-distance
migratory shorebird, the red knot Calidris canutus rufa. By using automated
VHF telemetry on a continental scale, we studied knots” migratory move-
ments with unprecedented temporal resolution over a 3-year period.
Knots with a higher relative body condition left the staging site later than
birds in lower condition, yet still arrived earlier to their Arctic breeding
grounds compared to knots in lower relative body condition. They accom-
plished this by selecting more favourable winds at departure, thereby
flying faster and making shorter stops en route. Individuals with a higher
relative body condition in spring migrated south up to a month later than
individuals in lower condition, suggesting that individuals in better con-
dition were more likely to have bred successfully. Moreover, individuals
with a lower relative body condition in spring had a lower probability of
being detected in autumn, suggestive of increased mortality. The pressure
to arrive early to the breeding grounds is considered to be an important con-
straint of migratory behaviour and this study highlights the important
influence of body condition on migratory decisions, performance and
potentially fitness of migrant birds.

1. Introduction

Migratory birds have to make decisions about when to leave their wintering
grounds and when to arrive at their breeding grounds [1]. Appropriate
timing of these events is considered a key element of migratory behaviour
(e.g. [2,3]). Early arrival on the breeding grounds allows for an earlier onset
of breeding, and thus a longer breeding season [4], higher reproductive success
[5] and an increase in reproductive performance [6]. For territorial species, early
arrival also can be advantageous in competing for the best breeding territories
[7]. However migrating too early can entail considerable costs, even mortality,
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when birds encounter adverse weather, poor food supply or
potential nesting sites still covered in snow (e.g. [8,9]).

During spring migration, many long-distance migrants
employ a ‘time minimization” strategy, where large fat reserves
are used to fuel long-distance flights with minimal stops en
route [1,10]. Thus, body condition (i.e. size-corrected mass,
an indication of fuel reserves) acts as a key constraint for
migratory behaviour. Individuals that experience favourable
conditions during winter are known to attain higher relative
body condition, which can carry-over through the subsequent
migration and breeding season [11-13]. Fat reserves available
at the end of the non-breeding period can influence the date of
departure for spring migration [14—16], as well as the perform-
ance of individuals during this migration. Early departing
individuals with high fat loads can experience a higher survi-
val probability [17], increased wind selectivity [18] and faster
short-distance flights [19]. If individuals arrive to the breeding
grounds early or in higher relative condition, an increased
migratory performance can ultimately increase reproductive
success (e.g. [7,20,21]).

Migration behaviour or performance is not related only
to individual quality; weather, and especially wind, plays
an important role in the timing, speed and energetic costs
of migration. Adverse weather conditions can significantly
alter departure and arrival timing [22,23], leading to an
increased stopover frequency during migration, and can
increase the total migration time [24,25]. Greater fuel
reserves (i.e. higher body condition) can allow for increased
wind selectivity, because individuals spend more time
above a threshold departure mass [18], and therefore have
a longer period of time within which to select supportive
winds.

For many migratory species, spring migration is rapid.
Moreover, because of the strong selection for early spring arri-
val and the penalties for birds that arrive outside a narrow
time window, theory predicts that the inter-individual vari-
ation in timing of spring migration should be small [26].
Although body mass and flight style have been linked to
migration performance at the interspecific level [27] and
intra-specific studies have shown the effect of body condition
and the departure direction [28], the relationships between
individual body condition, wind, migration performance
and fitness have rarely been simultaneously explored. Under-
standing small inter-individual variation in timing and speed
of migration requires data with fine temporal resolution. Until
recently, tracking technologies for small-bodied migrant birds
have not offered both large-spatial coverage for tracking
long-distance migrations and fine temporal resolution for
understanding behaviour.

We used automated VHF telemetry on a continental scale
(e.g. [29]) to track the migration of red knots Calidris canutus
rufa as they travelled from the Atlantic Coast of the USA to
the Canadian subarctic and back. In the spring of 2014—-2016,
we tagged 302 individuals at Delaware Bay, USA: the most
important staging site in the Atlantic Flyway for spring
migrants heading to their breeding grounds. We tracked a
sample of these individuals as far north as James Bay
(1500 km north of Delaware Bay), and some individuals
through to the subsequent southbound migration in autumn
(electronic supplementary material, figure S1). We investigated
the influence of relative body condition (here defined as size
and time-corrected relative mass; see Material and methods)
at Delaware Bay on individuals” departure decisions, migratory

performance and timing of arrival to James Bay at the southern
entrance to the breeding grounds to test the hypothesis that
individuals with higher relative body condition have improved
migratory performance. Specifically, we predict that individ-
uals with a higher relative body condition should be more
wind selective when departing the stopover site [30], migrate
faster and arrive earlier on the breeding grounds [31]. If
body condition carries over across seasons [5], individuals
with higher relative body condition while at the stopover site
could have higher reproductive success [21] and/or improved
survival [17]. Because red knots have biparental incubation and
brood their young for up to 18-24 days [32], we assume that
duration of birds’ stay in the Arctic correlates with their repro-
ductive success; here, we relate relative body condition in
spring to the timing of southward migration to test the hypoth-
esis that individuals arriving at the breeding grounds earlier
and in higher condition have improved reproductive success.
We also relate relative body condition at capture in spring to
the detection probability in autumn, to test whether individ-
uals with a higher relative body condition during northward
migration are more likely to survive to the following season.
Our results demonstrate the utility of these fine-temporal
scale data for testing predictions of optimal migration theory.
Perhaps more importantly, our results underscore the need
to maintain suitable feeding conditions for migratory birds at
key staging sites, as long-distance migrant birds of various
taxa continue to decline around the globe.

2. Material and methods
(a) Background

Red knots are medium-sized shorebirds with a global distri-
bution. The rufa subspecies winters primarily in South America
and migrates long distances to their breeding grounds at
low- and mid-Arctic latitudes in Canada. A large part of the
population stages in Delaware Bay (New Jersey and Delaware,
USA) during spring migration [33]; it is the single most impor-
tant spring staging site for red knots before they reach their
Arctic breeding areas [34]. While staging at Delaware Bay, north-
bound red knots feed on the eggs of spawning horseshoe crabs
Limulus polyphemus [35]. Commercial harvest has reduced the
abundance of crabs’ eggs and reduced fuelling rates for staging
red knots [17,34].

(b) Capture of birds and tag deployment

Red knots were captured between 16 and 25 May 2014-2016,
at several sites around Delaware Bay (39°02" N-39°42' N and
74°34" W-74°94" W; electronic supplementary material, figure
S1). All individuals were measured using standard protocols,
and in most cases, bill (+1 mm), flattened wing chord (+1 mm)
and mass (+1g) were measured. Immediately after these
measurements were taken, randomly selected birds were fitted
with a 1.0 g (approx. 0.7% of body mass), coded radio-transmitter
(Lotek Wireless Inc., Newmarket, ON, Canada). These radio tags
had a burst interval of 5.9-6.1 s, and an estimated minimum life-
span of 146 days. The radio tags were fitted by clipping a small
area of feathers from the synsacral region and gluing the tags to
the feather stubble and skin with a cyanoacrylate gel adhesive
(Loctite Super Glue Gel Control, Henkel, USA).

The tags were tracked using a network of automated radio
telemetry receiving stations, the Motus Wildlife Tracking
System, distributed across North America (and to a lesser
extent internationally) and concentrated at key shorebird staging
sites [29]. Receiver stations consisted of an 8—15 m high tower,
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equipped with either Lotek SRX600 digital telemetry receivers or
a SensorGnome receiver (www.sensorgnome.org). Receiver
stations had multiple directional antennas oriented at fixed
angles (typically 3-6 nine-element Yagi antennas distributed
evenly around 360°) that scanned continuously for tags. All
tags operated on a single frequency and were distinguished by
a unique series of pulses contained within each burst of radio
transmission, allowing for definitive identification of individuals.
Birds with tags can be detected at distances of at least 12 km
when in flight with direct line of sight to the receiver [36], with
numerous examples of detections at much larger distances
(up to 75km; P Loring 2015-2016, unpublished data). Tag
detections were recorded by the automated receivers and time
stamped by an internal GPS clock. This system allowed us to
track individual movements at a continental scale with a
temporal resolution of +6s.

(c) Analysis of automated telemetry data

The data were processed following procedures described in
[36,37]. In summary, the data recorded for each detection
included tag identification (i.e. individual bird), date, time
(UTC), coordinates of the receiver station, orientation of the
receiving antenna and signal strength (nonlinear scale: 20-255).
Owing to the high gain on the receivers, local radio-frequency
interference can yield false detections; data were filtered to elim-
inate false detections by comparing received signals to expected
signals on the basis of the unique series of coded pulses that
describe the individual tags’ identities. In addition, we post-
processed detections by determining the precise interval between
transmissions on each tag (the burst rate, i.e. 5.9 or 6.1 s) and then
removed signals not matching that interval to within +0.02s.
This filtering ensured that the resulting dataset contained only
valid detections of tagged birds.

To distinguish between true (directional) migratory move-
ments and local movements within and among adjacent sites,
we grouped all receiver stations within a 50 km radius (electronic
supplementary material, figure S1), and calculated a mean lati-
tude and longitude for these regional station groupings
(hereafter ‘sites’). Simultaneous or varying detections at towers
within these sites were interpreted as stationary or locally
moving individuals. Once we identified true migratory move-
ments, individual departure times (UTC) from each site were
determined as the last detection per receiver station. Arrival
times (UTC) were determined as the first detection in a series
of at least three consecutive detections at a receiver station at a
different site. Ground speed was calculated as the orthodrome
distance (metres) between two or more different receiver stations,
divided by the total time (seconds) between departure and arri-
val. Minimal flight speeds of greater than 5 m s~ were assumed
necessary for flight [38], and flight speeds below this threshold
were considered as possible stopover or detours en route and
were excluded from calculations of ground speed. The stopover
duration for each individual after it departed the capture site
was calculated as the sum of all the time differences (seconds)
between the last and first detection per receiver station en route.
A stopover event was defined as a minimum duration of
30 min, and shorter durations were considered a flyby.

We defined birds as crossing into the breeding grounds when
they passed our receiving stations in southern James Bay
(51°4' N, 80°4' W; electronic supplementary material, figure S1).
This area is located at the southern edge of the knots’ breeding
range and most (81%) of the final detections in spring were
recorded at this site. Although there are other receiver stations
farther north in the Arctic islands (n = 4), not all of these stations
were operational at the time of arrival of the birds. Many autumn
detections were recorded by our receiver stations in eastern
Canada. To test whether individuals with a higher relative

body condition during northward migration are more likely to n

survive through to the following season, we used all autumn
detections from birds captured in Delaware Bay in spring from
any receiver to determine the presence of birds during southward
migration. In order to test the hypothesis that individuals arriving
to the breeding grounds earlier and in higher condition have
improved reproductive success, we only used individuals, that
were detected in James Bay during northward migration and con-
sequently were detected at receiver stations around the Bay of
Fundy (45°4'N, 64°3' W), the Mingan Archipelago (50°1' N,
63°3’ W) and adjacent sites (less than 100 km) on southbound
migration.

(d) Wind data

We obtained local wind data to relate them to departure
decisions and migratory performance. Several past studies
suggest that birds time their departures to maximize initial
wind assistance (e.g. [39,40]). In addition, because tailwinds
encountered en route can explain differences in migration dur-
ation [41], we obtained the wind speed for each receiver
location, for the times at which tagged individuals were present.
Wind data were obtained from the NCEP/NCAR Reanalysis pro-
ject [42], as provided by the NOAA/OAR/ESRL PSD, Boulder,
CO, USA, and tailwind estimates were calculated using R pack-
age RNCEP [43]. For each individual, we extracted tailwind at
departure (3 h interval) and mean tailwind (m s™1) of the total
trajectory (i.e. integrating wind speeds for all locations and
times where birds were detected en route). To calculate tailwind,
we assumed the airspeed of the red knots to be 16 m s 1[44]. The
best tailwind assistance of three different pressure levels was
considered (‘surface level’, 700 and 850 hPa), corresponding to
altitudes between 0 and 1500 m altitude.

(e) Data analysis

Mass varies during the stopover, and differs for birds of different
structural size. In order to estimate an index of ‘relative body
condition’, we used a generalized linear mixed model (GLMM)
with mass at capture as the response variable, catching date
(day of year) as an explanatory variable, wing length as a covari-
ate and year as random factor. We also considered models
including bill length and all possible interactions as predictors.
The function dredge in the R-package MuMIn [45] was used to
select the most parsimonious model on the basis of AICc [46].
We used the Kenward-Rogers method for approximating
degrees of freedom and standard errors [47]. We then used the
partial residuals of this analysis as an index of relative body con-
dition in further analyses. Thus, our index of relative body
condition reflects the time- and size-corrected relative mass of
individuals during their refuelling at the stopover site. A positive
value reflects an individual that has a high relative body mass in
comparison to the expectation for the population, which we
interpret as an individual with an above-average relative fuel
load for that day.

We ran separate GLMMs for timing of departure, ground
speed, tailwind assistance at departure, average tailwind along
the entire migratory route, stopover duration and arrival
timing to the subarctic. All models included relative body con-
dition index as a predictor and year as a random factor. For
each predicted variable, we started with a full model (including
total distance (kilometres) and tailwind at departure, average
tailwind and capture date), and then simplified the model
using a backward elimination based on a log-likelihood ratio
test with p < 0.05 as the selection criterion (‘dropl” in R) until
reaching the minimal adequate model. For the analysis of
timing of autumn migration (i.e. first detection after the breeding
season), we used a linear model to relate date of first autumn
detection to fixed effects of relative body condition and year.
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We determined the detection probability in autumn (yes/no) as a
function of relative body condition at capture in spring using
logistic regression with year as a fixed factor. Model assumptions
were assessed using residual diagnostic plots, and all analyses
were performed in the statistical software program R, v. 3.3.3 [48].

3. Results

A total of 302 knots were fitted with a transmitter between
2014 and 2016, and we determined accurate departure
times for 254 (84%). For the remaining birds, tags may have
malfunctioned or fallen off, or the birds may have died
prior to departure or escaped detection. Of the 254 individ-
uals for which timing of departure from Delaware Bay was
known precisely, 46% (n = 117) were detected at least once
thereafter and 22% (n = 56) were detected at James Bay at
the southern edge of their breeding range. After the breeding
season, 16% (n = 47) of all tagged individuals were detected
at various receiver stations.

Body mass at capture ranged from 92 to 226 g, and over
the narrow interval of capture dates, showed a strong positive
relationship with date of capture (GLMM, x*=103.7, p <
0.001). Similarly, there was a negative relationship between
the (absolute) body mass at capture and the time spent at
the site after capture; individuals captured with a lower
body mass remained longer at Delaware Bay before departing
for the breeding grounds (GLMM, x* = 43.1, p < 0.001). After
controlling for effects of date of capture, individuals that were
captured with a higher relative body condition departed from
the capture site at later dates (GLMM, X2 =6.5, p=0.010;
figure 1) and had higher ground speeds (km h™"') compared
with individuals in lower relative body condition (GLMM,
x> =48, p=0.027; figure 2a). Wind played an important
role in these differences in ground speed, and, as expected,
ground speed was positively correlated with tailwind at
departure (GLMM, x* = 21.7, p < 0.001; figure 2b). Birds cap-
tured at Delaware Bay with a higher relative body condition
appeared to be more wind selective, generally having more
profitable winds along the entire route (GLMM, X>=38,
p = 0.040; figure 2c). After departing from their stopover
site, knots with a higher relative body condition had shorter
stopover durations (GLMM, X’ =625, p = 0.009).

Arrival date at the southern entrance to the breeding
grounds was positively correlated to the departure date
(GLMM, x*=46.9, p < 0.001) and negatively related to rela-
tive body condition (GLMM, X>=57, p = 0.010; for details
see electronic supplementary material, appendix S1 and
figure S2). Over the range of relative body condition observed
in our sample, these relationships suggest that individuals
with a higher relative body condition left the final staging
site approximately 1.5 days later, achieved ground speeds of
25 km h™! faster, had approximately 1.5 days shorter stopover
duration en route, and arrived to James Bay approximately 2
days earlier than individuals in lower relative body condition.

Of the 56 individuals that were detected entering the
Arctic breeding grounds during northward migration, we
successfully detected 15 individuals during southward
migration. We found a negative correlation between the rela-
tive body condition in spring and the date in autumn at
which they were first detected at the Bay of Fundy and the
Mingan Archipelago (Fo10 =34, r*=036, p=0.029;
figure 3), indicating that birds with a higher relative body
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Figure 1. Estimates of the relationship between relative body condition at cap-
ture and the timing of departure from Delaware Bay. Individuals with higher
relative body condition at capture departed later than individuals with a lower
relative body condition. The open dots represent the individuals that were suc-
cessfully detected entering the Arctic breeding grounds, and the closed dots
represent all individuals for which accurate departure times were recorded.
Relative body condition (i.e. relative mass after correcting for structural size)
is estimated from a linear mixed effects model (see text), and the grey area
represents 95% confidence interval for the predicted relationship.

condition in spring remained longer in the breeding areas;
our model predictions suggest a stay of up to 25 days
longer over the range of body conditions observed in our
sample. We also found that individuals with higher relative
body condition in spring had a greater probability of being
detected in autumn, versus individuals in lower relative
condition (Brelative body condition = 0.048 £ s.e. 0.02, z=2.00,
p=0.041, n=47; birds that departed Delaware Bay in
spring and were detected anywhere in autumn; figure 4).

4. Discussion

Migration and breeding both entail considerable energetic
costs [49], and arriving early to the breeding grounds
enhances mate and territory acquisition, extra-pair mating
opportunities and opportunities for re-nesting [50]. There-
fore, body condition and the timing of and performance
during migration can carry over to affect breeding season
performance, recruitment and population dynamics in gen-
eral. Our results demonstrate the important role of body
condition immediately before the final legs of migration
and underscore the importance of feeding conditions at sta-
ging sites for long-distance migrants. We show that, as
predicted, individuals with higher relative body condition
at a spring stopover site select more supportive winds, have
higher flight speeds and stop less long en route; this enabled
northbound red knots departing Delaware Bay with a higher
relative body condition to arrive to James Bay earlier, despite
that they left Delaware Bay later. We also show that these
individuals in higher relative body condition migrated
south up to a month later, suggesting a possible link between
condition in spring and reproductive success. In addition, we
show that individuals with a high relative body condition in
spring have a higher probability of being detected in autumn.
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Figure 2. Estimates of the relationship between (a) relative body condition and ground speed (km h™"), where individuals with a higher relative body condition
have higher ground speeds. This appears to be primarily an effect of tailwind at departure, as (b) shows the positive relation between tailwind at departure and
ground speed and (c) shows the relation between relative body condition and mean tailwind along the entire route. Relative body condition (i.e. relative mass after
correcting for structural size) is estimated from a linear mixed model (see text), and the grey area represents the 95% confidence interval.

Migration can comprise up to 50% of the annual energy
budget for birds [49], and the winds encountered during
migration can substantially alter these already high-energy
costs. To both minimize energy expenditure and maximize
speed, birds are predicted to select supportive winds
during their migrations [51,52]. Our results suggest that red
knots with a higher relative body condition at capture selected
more supportive winds along the entire route and conse-
quently flew faster, partly explaining their earlier arrival to
the breeding grounds, despite that in some cases, they
remained longer at the stopover site in order to depart with
these favourable winds. All individuals face the pressure of
the narrow time window of suitable arrival dates in the
Arctic [53,54]. The tendency for individuals in lower relative
body condition to be less choosy about wind conditions at
departure could reflect inexperience [55], or potentially could
reflect their cognizance of their low fuelling rate [56], which
according to optimal migration theory yields a lower optimum
departure fuel load for time-minimizing migrants [57].

Red knots with a higher relative body condition stopped
for shorter periods en route, thereby saving time and minimiz-
ing the non-trivial predation risks associated with stopover
[57,58]. Conversely, individuals with a lower relative body

condition that stop more often face increased costs of search
and settling at new stopover sites [57,59], and possibly
increased predation risk [58,60].

Among the red knots tracked to James Bay in spring and
then detected again in autumn, we found a negative corre-
lation between relative body condition and the date of first
detection in the Bay of Fundy and the Mingan Archipelago
in autumn. Up to 25 days delay in southward migration that
we observed for individuals in higher condition is much
larger than expected due to differences in migratory perform-
ance. Similarly, these differences in timing do not seem
consistent with a difference in condition and timing of
migration among the sexes. Female red knots depart the breed-
ing areas within several days after hatching while the males
care for the young until fledging [61]. In red knots, the females
tend to be somewhat larger than the males, though much over-
lap exists [62] and intersexual differences in spring condition
(after correcting for size, as we did) are not known. We
found no systematic differences in wing or bill length for
early versus late autumn migrants, suggesting that the patterns
observed are not due to differences in timing among the sexes.
Moreover, the dates of the early autumn migrants in our
sample (late July) are in accordance with observations from
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Figure 3. First autumn detection dates at the Bay of Fundy and the Mingan
Archipelago in relation to relative body condition at capture during spring
migration, for individuals that were successfully detected in both seasons.
The positive correlation between relative body condition at capture in
spring and the first autumn detection date could suggest that individuals
with a high relative body condition at capture had a successful breeding
attempt. The grey area represents 95% confidence intervals.

the Arctic of the departure of failed breeders (P.A.S. 2000-
2017, personal observations). Therefore, we suggest that
birds in high condition had a delayed southward migration
because they were more likely to attempt breeding, or were
more successful in their attempt, than birds in lower condition.

The suggestion of reproductive failure for birds in low
condition during spring migration is complemented by our
observation of a reduced likelihood of detecting these low
condition birds anywhere during autumn migration, poten-
tially due to mortality. Our results are supported by earlier
results of Baker et al. [17], where years with overall low
rates of mass gain at Delaware Bay were associated with
reduced recruitment of juveniles in subsequent years (sugges-
tive of reproductive failure) and where banded individuals
with lower estimated departure masses from Delaware Bay
were less likely to be resighted in subsequent years (sugges-
tive of adult mortality). In addition, the detection
probability for birds in high condition is within the observed
range for adult survival (indicating no large-scale tag loss)
[17,63].

Our reduced detection in autumn of individuals that were
in low relative body condition in spring, while suggestive of
mortality, could arise from other potential sources of bias. If
low condition individuals aborted northward migration, they
would be unavailable for detection in autumn. However, no
individuals that were recorded departing from Delaware Bay
were observed to abort the migration and then head south in
spring (where they would have been detected by other recei-
ver stations in the network). Reduced autumn detection
could also arise if low condition individuals began body
moult early (at which time the tags, glued to the feather stub-
ble, fall off). Harrington et al. [64] scored body moult for this
population of red knots while they passed through the USA.
They found that during autumn passage in late July and early
August, 332/346 (96%) were in complete or nearly complete
alternate (breeding) body plumage. Only those birds linger-
ing in the USA into September and October achieved basic

1.0 - 0
/ -5
0.8 -
o -10 B
= 3
g 061 3
2 %
=% =
g E
E 041 3
2 g
o .
= 10 2
0.2 A
-5
I I —
0 - 0
T T T T T T
-30 20 -10 0 10 20 30

relative body condition

Figure 4. Probability of detection in autumn, and the number of individuals
detected, in relation to the relative body condition at capture. The solid line
represents the predicted values of the logistic regression in relation to relative
body condition at capture. The horizontal bars represent the number of indi-
viduals that were not detected (0) and birds that were detected (1). Birds
with higher relative body condition at capture in spring were more likely
to be detected in autumn. (Online version in colour.)

(non-breeding) plumage [64], and all of our autumn detec-
tions occurred before September. Thus, it seems most likely
that our reduced detection of low condition birds in the
subsequent autumn relates to increased mortality.

In years of especially high food abundance in Delaware
Bay, it has been suggested that late-arriving red knots can
increase the rates of mass gain to ‘catch up” with earlier-arriving
birds [34], for example, by spending more time per day feeding
[65]. However, for the years of our study, we show that birds
with lower relative body condition during spring migration
maintain this handicap, showing reduced migratory perform-
ance, delayed arrival to the breeding grounds and potentially
reduced breeding success and even elevated mortality.

The optimal timing of migration is critical for migratory
animals, because mistiming their migration relative to peaks
in resource abundance at staging or breeding sites can have
negative fitness consequences [66,67]. Many migratory
species are advancing their timing of breeding as a result of
climate change [68], with most temperature increases occur-
ring in Arctic regions [69]. This warming has led to a
change in departure phenology in red knots along the East-
Atlantic flyway [67], and it is likely that the red knots in
our study, along the West-Atlantic flyway, are faced with
similar climatic and phenological challenges. Red knots’ use
of Delaware Bay is timed to coincide with the timing of horse-
shoe crab spawning, and thus, phenological constraints and
foraging constraints are intertwined. As tracking technologies
continue to improve, so too will our understanding of the be-
havioural decisions made by long-distance migrants, and
how these decisions influence and are influenced by individ-
uals” energetic status. For the many species of long-distance
migrant birds declining around the globe, including the red
knot, this improved understanding of migration behaviour
could prove critical for conservation.
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Welfare Act of 1970 and the most recent revision of the Ornithological
Council’s guidelines in the use of wild birds in research. The birds

YLSLLLOT H8T g 20S Y 20id  biobuiysigndfranosjeforqds H



were captured under the federal banding permit issued to the Endan-
gered and Nongame Species Program, Division of Fish and Wildlife,

NJ DEP (permit no. 22803).

Data accessibility. Data are available from the Dryad digital repository [70].

Authors” contributions. S.D. and P.A.S. conceived of the idea of the study.
LJN., AD, YA, CF,SK.and AM.A. collected data. S.D. analysed
the data and wrote a first version of the manuscript, and L.J.N., Y.A,,
CF,SK, AM.A. and P.A.S. contributed substantially to revisions.

Competing interests. We declare we have no competing interests.

References

Hedenstrém A, Alerstam T. 1997 Optimum fuel
loads in migratory birds: distinguishing between
time and energy minimization. J. Theor. Biol. 189,
227-234. (doi:10.1006/jthi.1997.0505)

Ouwehand J, Both C. 2017 African departure rather
than migration speed determines variation in spring
arrival in pied flycatchers. J. Anim. Ecol. 86, 88—97.
(doi:10.1111/1365-2656.12599)

Bauer S, Gienapp P, Madsen J. 2008 The relevance
of environmental conditions for departure decision
changes en route in migrating geese. Ecology 89,
1953-1960. (doi:10.1890/07-1101.1)

Moore FR, Smith RJ, Sandberg R. 2005 Stopover
ecology of intercontinental migrants: en route
problems and consequences for reproductive
performance. In Birds of two worlds: the ecology
and evolution of migration (eds R Greenberg,

PP Marra), pp. 251-261. Baltimore, USA: Johns
Hopkins Press.

Norris DR, Marra PP, Kyser TK, Sherry TW, Ratcliffe
LM. 2004 Tropical winter habitat limits reproductive
success on the temperate breeding grounds in a
migratory bird. Proc. R. Soc. Lond. B 271, 59—64.
(doi:10.1098/rsph.2003.2569)

van Noordwijk AJ, McCleery RH, Perrins CM. 1995
Selection for the timing of great tit breeding in
relation to caterpillar growth and temperature.

J. Anim. Ecol. 64, 451—458. (doi:10.2307/5648)
Kokko H. 1999 Competition for early arrival in
migratory birds. J. Anim. Ecol. 68, 940—950.
(doi:10.1046/}.1365-2656.1999.00343.x)

Newton 1. 2008 The migration ecology of birds.
London, UK: Academic Press.

Meltofte H et al. 2007 Effects of climate variation
on the breeding ecology of Arctic shorebirds—
Meddelelser om Granland. Bioscience 59, 1-48.
Mlerstam T, Lindstrém A. 1990 Optimal bird
migration: the relative importance of time, energy
and safety. In Bird migration, physiology and
ecophysiology (ed. E Gwinner), pp. 331-351. Berlin,
Germany: Springer-Verlag.

Marra PP, Hobson KA, Holmes RT. 1998 Linking
winter and summer events in a migratory bird
by using stable-carbon isotopes. Science 282,
1884—1886. (doi:10.1126/science.282.5395.1884)
Smith RJ, Moore FR. 2003 Arrival fat and
reproductive performance in a long-distance
passerine migrant. Oecologia 134, 325-331.
(doi:10.1007/500442-002-1152-9)

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Funding. Funding was provided by Environment and Climate Change
Canada, and S.D. was funded by the Mitacs Accelerate Graduate

Research Internship Program (IT04216).

Bearhop S, Hilton GM, Votier SC, Waldron S. 2004
Stable isotope ratios indicate that body condition in
migrating passerines is influenced by winter
habitat. Proc. R. Soc. Lond. B 271, S215-5218.
(doi:10.1098/rsh1.2003.0129)

Studds CE, Marra PP. 2007 Linking fluctuations in
rainfall to nonbreeding season performance in a
long-distance migratory bird, Setophaga ruticilla.
(lim. Res. 35, 115—122. (doi:10.3354/cr00718)
Studds CE, Marra PP. 2011 Rainfall-induced changes
in food availability modify the spring departure
programme of a migratory bird. Proc. R. Soc. B
278, 3437-3443. (doi:10.1098/rspb.2011.0332)
Fox AD, Walsh A. 2012 Warming winter effects, fat
store accumulation and timing of spring departure
of Greenland white-fronted geese Anser albifrons
flavirostris from their winter quarters. Hydrobiologia
697, 95—102. (doi:10.1007/510750-012-1173-2)
Baker AJ et al. 2004 Rapid population decline in
red knots: fitness consequences of decreased
refuelling rates and late arrival in Delaware Bay.
Proc. R. Soc. Lond. B 271, 875—882. (doi:10.1098/
rspb.2003.2663)

Akesson S, Hedenstrom A. 2000 Wind selectivity of
migratory flight departures in birds. Behav. Ecol.
Sociobiol. 47, 140—144. (doi:10.1007/5002650050004)
Sjoberg S, Alerstam T, Rkesson S, Schulz A,
Weidauer A, Coppack T, Muheim R. 2015 Weather
and fuel reserves determine departure and flight
decisions in passerines migrating across the Baltic
Sea. Anim. Behav. 104, 59—68. (doi:10.1016/j.
anbehav.2015.02.015)

Béty J, Gauthier G, Giroux JF. 2003 Body condition,
migration, and timing of reproduction in snow
geese: a test of the condition-dependent model of
optimal dlutch size. Am. Nat. 162, 110—121.
(doiz10.1086/375680)

Ebbinge BS, Spaans B. 1995 The importance of
body reserves accumulated in spring staging areas
in the temperate zone for breeding in dark-bellied
brent geese Branta b. bernicla in the high arctic.
J. Avian Biol. 26, 105—113. (d0i:10.2307/3677058)
Senner NR, Verhoeven MA, Abad-Gomez JM,
Gutiérrez JS, Hooijmeijer JCEW, Kentie R, Masero JA,
Tibbitts TL, Piersma T. 2015 When Siberia came to
the Netherlands: the response of continental black-
tailed godwits to a rare spring weather event.

J. Anim. Ecol. 84, 1164—1176. (doi:10.1111/1365-
2656.12381)

23.

24,

25.

26.

2].

28.

29.

30.

3N

32.

Acknowledgements. We thank Bird Studies Canada and the MOTUS
Wildlife Tracking System for aiding in the processing of radio track-
ing data. We also thank the many volunteers involved in the capture
and tagging of red knots at Delaware Bay, as well as the numerous
scientists and naturalists involved in developing and maintaining
the MOTUS network. We thank Sasha Dall, Anne Charmantier and
two anonymous referees for useful comments on the manuscript.

Gordo 0. 2007 Why are bird migration dates
shifting? A review of weather and climate effects on
avian migratory phenology. Clim. Res. 35, 37—58.
(doi:10.3354/cr00713)

Kolzsch A, Miiskens GJDM, Kruckenberg H, Glazov P,
Weinzierl R, Nolet BA, Wikelski M. 2016 Towards a
new understanding of migration timing: slower
spring than autumn migration in geese reflects
different decision rules for stopover use and
departure. Oikos 125, 1496—1507. (doi:10.1111/
0ik.03121)

Shamoun-Baranes J, Leyrer J, van Loon E, Bocher P,
Robin F, Meunier F, Piersma T. 2010 Stochastic
atmospheric assistance and the use of emergency
staging sites by migrants. Proc. R. Soc. B 277,
1505—1511. (doi:10.1098/rspb.2009.2112)
McNamara JM, Welham RK, Houston Al. 1998 The
timing of migration within the context of an annual
routine. J. Avian Biol. 29, 416—423. (d0i:10.2307/
3677160)

Watanabe YY. 2016 Flight mode affects allometry of
migration range in birds. Ecol. Lett. 19, 907-914.
(doi:10.1111/ele.12627)

Schmaljohann H, Naef-Daenzer B. 2011 Body
condition and wind support initiate the shift of
migratory direction and timing of nocturnal departure
in a songbird. J. Anim. Ecol. 80, 1115—1122. (doi:10.
1111/}.1365-2656.2011.01867.x)

Taylor PD et al. 2017 The Motus wildlife tracking
system: a collaborative research network to enhance
the understanding of wildlife movement. Avian
Conserv. Ecol. 12, 8. (doi:10.5751/ACE-00953-
120108)

Deppe JL et al. 2015 Fat, weather, and date affect
migratory songbirds’ departure decisions, routes,
and time it takes to cross the Gulf of Mexico. Proc.
Nat! Acad. Sci. USA 112, E6331—E6338. (doi:10.
1073/pnas.1503381112)

Gomez C, Bayly NJ, Norris DR, Mackenzie SA,
Rosenberg KV, Taylor PD, Hobson KA, Cadena (D.
2017 Fuel loads acquired at a stopover site influence
the pace of intercontinental migration in a boreal
songbird. Sci. Rep. 7, 3405. (doi:10.1038/541598-
017-03503-4)

Burger J, Niles LJ, Porter RR, Dey AD, Koch S,
Gordon C. 2012 Migration and over-wintering of red
knots (Calidris canutus rufa) along the Atlantic coast
of the United States. Condor 114, 302-313.
(doi:10.1525/cond.2012.110077)

YLELLLOT H8T g 20S Y 20id  Biobuysygndfisposjeorqds H


http://dx.doi.org/10.1006/jtbi.1997.0505
http://dx.doi.org/10.1111/1365-2656.12599
http://dx.doi.org/10.1890/07-1101.1
http://dx.doi.org/10.1098/rspb.2003.2569
http://dx.doi.org/10.2307/5648
http://dx.doi.org/10.1046/j.1365-2656.1999.00343.x
http://dx.doi.org/10.1126/science.282.5395.1884
http://dx.doi.org/10.1007/s00442-002-1152-9
http://dx.doi.org/10.1098/rsbl.2003.0129
http://dx.doi.org/10.3354/cr00718
http://dx.doi.org/10.1098/rspb.2011.0332
http://dx.doi.org/10.1007/s10750-012-1173-2
http://dx.doi.org/10.1098/rspb.2003.2663
http://dx.doi.org/10.1098/rspb.2003.2663
http://dx.doi.org/10.1007/s002650050004
http://dx.doi.org/10.1016/j.anbehav.2015.02.015
http://dx.doi.org/10.1016/j.anbehav.2015.02.015
http://dx.doi.org/10.1086/375680
http://dx.doi.org/10.2307/3677058
http://dx.doi.org/10.1111/1365-2656.12381
http://dx.doi.org/10.1111/1365-2656.12381
http://dx.doi.org/10.3354/cr00713
http://dx.doi.org/10.1111/oik.03121
http://dx.doi.org/10.1111/oik.03121
http://dx.doi.org/10.1098/rspb.2009.2112
http://dx.doi.org/10.2307/3677160
http://dx.doi.org/10.2307/3677160
http://dx.doi.org/10.1111/ele.12627
http://dx.doi.org/10.1111/j.1365-2656.2011.01867.x
http://dx.doi.org/10.1111/j.1365-2656.2011.01867.x
http://dx.doi.org/10.5751/ACE-00953-120108
http://dx.doi.org/10.5751/ACE-00953-120108
http://dx.doi.org/10.1073/pnas.1503381112
http://dx.doi.org/10.1073/pnas.1503381112
http://dx.doi.org/10.1038/s41598-017-03503-4
http://dx.doi.org/10.1038/s41598-017-03503-4
http://dx.doi.org/10.1525/cond.2012.110077

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

Niles LJ et al. 2008 Status of the red knot, Calidris
canutus rufa, in the Western Hemisphere. Stud.
Avian Biol. 36, 1-185.

Atkinson PW et al. 2007 Rates of mass gain and
energy deposition in red knot on their final spring
staging site is both time- and condition-dependent.
J. Appl. Ecol. 44, 885—895. (doi:10.1111/j.1365-
2664.2007.01308.x)

Castro G, Myers JP. 1993 Shorebird predation on
eggs of horseshoe crabs during spring stopover on
Delaware Bay. Auk 110, 927-930. (doi:10.2307/
4088650)

Mills AM, Thurber BG, Mackenzie SA, Taylor PD.
2011 Passerines use nocturnal flights for landscape-
scale movements during migration stopover. Condor
113, 597-607. (doi:10.1525/cond.2011.100186)
Taylor PD, Mackenzie SA, Thurber BG, Calvert AM,
Mills AM, McGuire LP, Guglielmo CG. 2011
Landscape movements of migratory birds and bats
reveal an expanded scale of stopover. PLoS ONE 6,
€27054. (doi:10.1371/journal.pone.0027054)

Safi K et al. 2013 Flying with the wind: scale
dependency of speed and direction measurements
in modelling wind support in avian flight. Mov.
Ecol. 1, 4. (doi:10.1186/2051-3933-1-4)

Conklin JR, Battley PF. 2011 Impacts of wind on
individual migration schedules of New Zealand bar-
tailed godwits. Behav. Ecol. 22, 854—861. (doi:10.
1093/beheco/arr054)

Gronroos J, Green M, Alerstam T. 2012 To fly or not
to fly depending on winds: shorebird migration in
different seasonal wind regimes. Anim. Behav. 83,
1449—-1457. (doi:10.1016/j.anbehav.2012.03.017)
Mellone U et al. 2012 Interspecific comparison of
the performance of soaring migrants in relation to
morphology, meteorological conditions and
migration strategies. PLoS ONE 7, 11. (doi:10.1371/
journal.pone.0039833)

Kalnay E et al. 1996 The NCEP/NCAR 40-year
reanalysis project. Bull. Am. Meteorol. Soc. 77,
437—-471. (doi:10.1175/1520-

0477(1996)077 << 0437:TNYRP>2.0.€0;2)

Kemp MU, van Loon EE, Shamoun-Baranes J,
Bouten W. 2012 RNCEP: global weather and climate
data at your fingertips. Methods Ecol. Evol. 3,
65-70. (doi:10.1111/j.2041-210X.2011.00138.x)
Gudmundsson GA. 1994 Spring migration of the
knot Calidris c. canutus over southern Scandinavia,
as recorded by radar. J. Avian Biol. 25, 15-26.
(doi:10.2307/3677290)

Barton K. 2016 Package ‘MuMin’. Model selection
and model averaging base on information criteria.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

R package version 1.15.6. Vienna, Austria: R
Foundation for Statistical Computing.

Burnham KP, Anderson DR. 2002 Model selection
and multi-model inference: a practical information-
theoretic approach. New York, NY: Springer-Verlag.
Bolker BM, Brooks ME, Clark CJ, Geange SW,
Poulsen JR, Stevens MHH, White J-SS. 2009
Generalized linear mixed models: a practical guide
for ecology and evolution. Trends Ecol. Evol. 24,
127-135. (doi:10.1016/j.tree.2008.10.008)

R Development Core Team. 2017 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.
Drent R, Piersma T. 1990 An exploration of the
energetics of leap-frog migration in arctic breeding
waders. In Bird migration, physiology and
ecophysiology (ed. E Gwinner), pp. 399—412. Berlin,
Germany: Springer-Verlag.

Cooper NW, Murphy MT, Redmond LJ, Dolan AC.
2011 Reproductive correlates of spring arrival date
in the Eastern kingbird Tyrannus tyrannus.

J. Ornithol. 152, 143—152. (doi:10.1007/s10336-
010-0559-2)

Ermi B, Liechti F, Bruderer B. 2005 The role of wind
in passerine autumn migration between Europe and
Africa. Behav. Ecol. 16, 732—740. (doi:10.1093/
beheco/ari046)

McLaren JD, Shamoun-Baranes J, Bouten W. 2012
Wind selectivity and partial compensation for wind
drift among nocturnally migrating passerines.
Behav. Ecol. 23, 1089—1101. (doi:10.1093/beheco/
ars078)

Drent R, Both C, Green M, Madsen J, Piersma T.
2003 Pay-offs and penalties of competing migratory
schedules. Oikos 103, 274—292. (doi:10.1034/j.
1600-0706.2003.12274.x)

Hedenstrom A. 2008 Adaptations to migration in
birds: behavioural strategies, morphology and
scaling effects. Phil. Trans. R. Soc. B 363, 287—299.
(doi:10.1098/rsth.2007.2140)

Rotics S et al. 2016 The challenges of the first
migration: movement and behaviour of juvenile vs.
adult white storks with insights regarding juvenile
mortality. J. Anim. Ecol. 85, 938—947. (doi:10.
1111/1365-2656.12525)

Schaub M, Jenni L, Bairlein F. 2008 Fuel stores, fuel
accumulation, and the decision to depart from a
migration stopover site. Behav. Ecol. 19, 657 —666.
(doiz10.1093/beheco/am023)

Alerstam T. 2011 Optimal bird migration revisited.
J. Ornithol. 152, 5—23. (d0i:10.1007/510336-011-
0694-1)

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Dierschke V. 2003 Predation hazard during
migratory stopover: are light or heavy birds under
risk? J. Avian Biol. 34, 24—29. (doi:10.1034/j.1600-
048X.2003.03049.x)

Alerstam T. 1979 Wind as selective agent in bird
migration. Ornis Scand. 10, 76-93. (doi:10.2307/
3676347)

Duijns S, van Dijk JGB, Spaans B, Jukema J, de Boer
WF, Piersma T. 2009 Foraging site selection of two
subspecies of bar-tailed godwit Limosa lapponica:
time minimizers accept greater predation danger
than energy minimizers. Ardea 97, 51-59. (doi:10.
5253/078.097.0107)

Whitfield DP, Brade JJ. 1991 The breeding behaviour
of the knot Calidris canutus. Ibis 133, 246—255.
(doi:10.1111/).1474-919X.1991.th04566.x)

Prater AJ, Marchant JH, Vuorinen J. 1977 Guide to
the identification and ageing of holarctic waders.
Tring, UK: British Trust for Ornithology.
Rakhimberdiev E, van den Hout PJ, Brugge M, Spaans
B, Piersma T. 2015 Seasonal mortality and sequential
density dependence in a migratory bird. J. Avian Biol.
46, 332—341. (doi:10.1111/jav.00701)

Harrington BA, Winn B, Brown SC. 2007 Molt and
body mass of red knots in the eastern United
States. Wilson J. Ornithol. 119, 35-42. (doi:10.
1676/04-086.1)

Piersma T. 1987 Hop skip or jump? Constraints on
migration of arctic waders by feeding, fattening and
flight speed. Limosa 60, 185—194.

Both C, Bouwhuis S, Lessells CM, Visser ME. 2006
(limate change and population declines in a long-
distance migratory bird. Nature 441, 81-83.
(doi:10.1038/nature04539)

van Gils JA et al. 2016 Body shrinkage due to Arctic
warming reduces red knot fitness in tropical
wintering range. Science 352, 819—821. (doi:10.
1126/science.aad6351)

Mgller AP, Rubolini D, Lehikoinen E. 2008
Populations of migratory bird species that did not
show a phenological response to climate change are
declining. Proc. Nat/ Acad. Sci. USA 105, 16 195—
16 200. (doi:10.1073/pnas.0803825105)

Tingley MP, Huybers P. 2013 Recent temperature
extremes at high northern latitudes unprecedented
in the past 600 years. Nature 496, 201—205.
(doi:10.1038/nature11969)

Duijns S, Niles LJ, Dey A, Aubry Y, Friis C, Koch S,
Anderson AM, Smith PA. 2017 Data from: Body
condition explains migratory performance of a long-
distance migrant. Dryad Digital Repository. (https://
doi.org/10.5061/dryad.65t4k)

YLSLLLOT H8T g 20S Y 20id  biobuiysigndfranosjeforqds


http://dx.doi.org/10.1111/j.1365-2664.2007.01308.x
http://dx.doi.org/10.1111/j.1365-2664.2007.01308.x
http://dx.doi.org/10.2307/4088650
http://dx.doi.org/10.2307/4088650
http://dx.doi.org/10.1525/cond.2011.100186
http://dx.doi.org/10.1371/journal.pone.0027054
http://dx.doi.org/10.1186/2051-3933-1-4
http://dx.doi.org/10.1093/beheco/arr054
http://dx.doi.org/10.1093/beheco/arr054
http://dx.doi.org/10.1016/j.anbehav.2012.03.017
http://dx.doi.org/10.1371/journal.pone.0039833
http://dx.doi.org/10.1371/journal.pone.0039833
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1111/j.2041-210X.2011.00138.x
http://dx.doi.org/10.2307/3677290
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.1007/s10336-010-0559-z
http://dx.doi.org/10.1007/s10336-010-0559-z
http://dx.doi.org/10.1093/beheco/ari046
http://dx.doi.org/10.1093/beheco/ari046
http://dx.doi.org/10.1093/beheco/ars078
http://dx.doi.org/10.1093/beheco/ars078
http://dx.doi.org/10.1034/j.1600-0706.2003.12274.x
http://dx.doi.org/10.1034/j.1600-0706.2003.12274.x
http://dx.doi.org/10.1098/rstb.2007.2140
http://dx.doi.org/10.1111/1365-2656.12525
http://dx.doi.org/10.1111/1365-2656.12525
http://dx.doi.org/10.1093/beheco/arn023
http://dx.doi.org/10.1007/s10336-011-0694-1
http://dx.doi.org/10.1007/s10336-011-0694-1
http://dx.doi.org/10.1034/j.1600-048X.2003.03049.x
http://dx.doi.org/10.1034/j.1600-048X.2003.03049.x
http://dx.doi.org/10.2307/3676347
http://dx.doi.org/10.2307/3676347
http://dx.doi.org/10.5253/078.097.0107
http://dx.doi.org/10.5253/078.097.0107
http://dx.doi.org/10.1111/j.1474-919X.1991.tb04566.x
http://dx.doi.org/10.1111/jav.00701
http://dx.doi.org/10.1676/04-086.1
http://dx.doi.org/10.1676/04-086.1
http://dx.doi.org/10.1038/nature04539
http://dx.doi.org/10.1126/science.aad6351
http://dx.doi.org/10.1126/science.aad6351
http://dx.doi.org/10.1073/pnas.0803825105
http://dx.doi.org/10.1038/nature11969
https://doi.org/10.5061/dryad.65t4k
https://doi.org/10.5061/dryad.65t4k

	Body condition explains migratory performance of a long-distance  migrant
	Introduction
	Material and methods
	Background
	Capture of birds and tag deployment
	Analysis of automated telemetry data
	Wind data
	Data analysis

	Results
	Discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


