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Recent interest in migratory connectivity of shorebirds leads to examining the role stopovers and connectivity
play in reproductive success. Since many shorebird species are declining, there is a need to determine factors
affecting reproductive success. We used light records from 104 geolocators recovered from red knots (Calidris
canutus rufa) to examine-incubation success as a function of temporal patterns at stopovers, year (2009-2016),
and wintering cohort. Geolocators were attached on leg flags, mainly in Delaware Bay (New Jersey) and Texas.
Successful incubation in different years ranged from 21 to 76%; from 8 to 43% of knots did not attempt incu-
bation on breeding grounds. This is the first estimate of the number of shorebirds going to the Arctic that did not
breed, since all other estimates of success were derived from field studies based on birds that initiated nests. High
breeding success (76%) occurred in only one year (2011). Nearly all of knots stopped in Hudson Bay region.
Arrival date and time in the Pre-Arctic, arrival on breeding grounds, year, and wintering cohort were associated
with successful incubation. The percentage attempting incubation, and the percentage that were successful,
varied by wintering cohort. When only the east coast rufa knots are considered, time spent on Delaware Bay
showed a significant duration difference. Knots wintering in Texas had the highest propensity to initiate incu-
bation (96%), and the highest incubation success (67%). Of rufa knots using the Atlantic flyway, those wintering
in southern South America had the lowest incubation success rate (25%). We discuss the importance of quality of
flyways, opportunities for refuelling during migration, and importance of time at stopovers. These data can be
used to understand migratory connectivity, distinguish factors affecting reproductive success of long-distance
migrants, determine which parts of the annual cycle require protection, and aid in recovery plans for long-
distance migrants.

1. Introduction

Many species of seabirds and shorebirds migrate long-distances be-
tween breeding and wintering areas, either feeding along the way or
stopping at only a few locations to refuel. It is particularly important to
identify the different stopover sites, as well as wintering sites, to un-
derstand factors contributing to population changes, and ultimately to
management and conservation. We need to understand the links be-
tween breeding and overwintering sites (Webster et al., 2002), partic-
ularly for shorebirds that are one of the most endangered groups of birds

* Corresponding author.
E-mail address: burger@biology.rutgers.edu (J. Burger).

https://doi.org/10.1016/j.envres.2022.114227

in the World (Andres et al., 2013; Galbraith et al., 2014). Some shore-
birds, for example, make round trip flights of about 30,000 km (Conklin
et al., 2010; Minton et al., 2010, 2013; Niles et al., 2012; Battley et al.,
2012). Understanding the connectivity between breeding, migratory
pathways, and wintering areas is difficult, but recent technological
development has made determining connectivity possible — data on
complete migratory pathways of individuals can elucidate temporal and
spatial patterns of yearly cycles. This same technology allows for deeper
insight into the phenology or schedule of activities of birds during
different phases of their life cycle. We do so in this paper for factors
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affecting incubation in the red knot (Calidris canutus rufa), a species that
is federally endangered in Canada and threatened in the United States
(USFWS, 2014a, 2014b). We test the hypotheses that there is no dif-
ference is incubation duration (e.g. reproductive success) as a function
of wintering cohort, year on the breeding grounds, and time in the
Pre-Arctic prior to arriving on the breeding grounds. Our data, derived
from light-sensitive geolocator patterns for 104 tracks of 74 knots on the
Arctic breeding grounds provide insights into the breeding phenology
and success of a long-distance migratory shorebird. The data also pro-
vide a baseline data that will be useful for determining future effects of
global warming on Arctic species (IPCC, 2016, 2021), especially
long-term phenological shifts in migration and breeding area use (e.g.
Therrien et al., 2017), and on changes and disruptions of species in-
teractions (e.g. predation, competition, Kubelka et al., 2018).

Over the last decade, many species of shorebirds that rely on coastal
stopover areas have declined drastically (Morrison, 1984; Morrison
et al., 2001; IWSG, 2003; Colwell, 2010; Andres et al., 2013), especially
red knots (Baker et al., 2004, 2013; Niles et al., 2008, 2009; Dey et al.,
2016, 2020). The decline of the rufa subspecies of red knot and other
shorebird species has been partly attributed to foraging difficulties on
Delaware Bay, one of their primary stopover locations on their north-
ward migration to the breeding grounds (Mizrahi Peters and Hodgetts,
2012; Baker et al., 2013; Morrison et al., 2007; Niles et al., 2008;
USFWS, 2014a, 2014b). On the Bay, knots and other shorebirds feed
primarily on the eggs of horseshoe crabs (Limuluspolyphemus) (Botton
et al., 1994; Tsipoura and Burger, 1999; Niles et al., 2009). As crab
populations declined due to overharvesting, eggs became less available,
with resultant declines in knots and other shorebirds (ASMFC, 1998;
Morrison et al., 2001; Andres et al., 2013). Other factors, such as cold
temperatures that prevent crabs from spawning can also decrease knot
foraging. Knots must nearly double their weight to reach the Arctic
breeding grounds with sufficient body reserves to breed (Morrison and
Hobson, 2004; Morrison et al., 2007). While the foraging behavior of the
rufa population migrating through Delaware Bay is clearly critical to
population stability, conditions at other stopover and wintering sites
may also play a critical role, as do conditions on the Arctic breeding
grounds (USFWS, 2014a, 2014b). Habitat loss, predators, and human
disturbance clearly play a role in foraging success, especially at key
stopover sites (Galbraith et al., 2002, 2014; Goss-Custard et al., 2006;
Niles et al., 2013; Burger and Niles, 2013, 2017). It is not only Delaware
Bay and the east coast of NA that are facing declines that seem to be
related to problems on stopover sites. Similar rapid declines in migratory
shorebirds have occurred for species using the Yellow Sea mudflats off
China, including red knots (Studds et al., 2017). One important question
is determining whether the declines are due to very low reproductive
success on the breeding grounds or are they due to carry-over effects
associated with stopovers or wintering grounds. Thus, determining
reproductive success on the breeding grounds, and the factors affecting
reproductive success, have important policy and conservation implica-
tions (Piersma et al., 2016).

The factors affecting breeding behavior and success on Arctic
breeding grounds include inclement weather, snow melt, food resources
and predators, both prior to and on the breeding grounds (McNamara
et al., 1998; Niehaus and Ydenberg, 2006; Smith et al., 2010). Clearly
conditions upon arrival on the breeding ground affect survival, ability to
breed, and breeding success (Baker et al., 2013; Morrison et al., 2007;
Conklin et al., 2010; Duijns et al., 2017). The Arctic summer is short,
increasing the time constraints of breeding (Whitfield and Tomkovich,
1996; Schekkerman et al., 2003; Tulp and Schekkerman, 2006; Meltofe
et al., 2009). Arctic-breeding shorebirds are thus under strong selection
pressure to arrive on the breeding grounds with fat reserves that provide
the best chance of successful breeding (Conklin et al., 2010). Shorebirds
arriving on the breeding grounds are faced with the decision of whether
to breed or not, whether to continue incubation, and when to leave the
Arctic. Life history theory suggests that birds should maximize both their
own survival and their lifetime reproductive success; this requires living
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long enough to maximize lifetime reproductive success (Williams, 1966;
Meltofe et al., 2009; Murray, 2011). Since knots and many other
shorebirds have bi-parental care, both parents must balance the allo-
cation of energy between reproduction, maintenance, and survival
(Ydenberg et al., 2004; Paredes et al., 2005). And shorebirds in the
Arctic must also balance energy and time allocation between repro-
duction and self-maintenance in an environment with limited time for
breeding (Piersma et al., 2003; Piersma and Lindstrom, 2004). Some
birds may not even attempt to breed in a given year.

Determining the breeding cycle of high latitude shorebirds is difficult
because shorebirds generally nest spaced out, making it difficult to
locate a large sample size, and to find nests at the beginning of incu-
bation. In the Arctic it has proven even more difficult to study the
behavior, ecology and success of nesting due to the size and remoteness
of the Canadian breeding region and the secretive nature of the shore-
birds. There may be kilometers between nests, and the birds do not
easily flush from a nest, making it impossible to obtain field information
from a large sample of birds. While light-sensitive geolocators were
being placed on knots to examine long-distance migration patterns and
behavior (Niles et al., 2010, 2012), we noticed that the light signal could
be used to infer periods of incubation (Burger et al.,2012a), making it
possible to investigate what happens during Arctic breeding after the
birds left wintering and migratory sites.

Preliminary findings using data from 19 red knots fitted with geo-
locators indicated that not all birds bred, that knots generally arrived on
the breeding grounds ~10 June, and remained for an average of 44 days,
and that 85% initiated incubation but 65% were successful. While 19
knots was a reasonable sample size for a first study, it did not provide
information on a large sample, over several years that could be exam-
ined for differences as a function of year and wintering cohort. In other
words, neither the variability among Arctic breeding years, nor the
relative success of birds from differing wintering cohorts of the rufa red
knots, could be determined.

The objectives of this study are to examine the schedule of activities
of 104 tracks of 74 rufa red knot tracks on the breeding grounds,
including factors contributing to incubation success, and differences in
breeding success among years, and as a function of wintering location.
We present data on: 1) dates to arrive at the last stop-over site before
flying to the breeding grounds (Pre-Arctic), 2) duration at the last stop-
over, 3) date to arrive on the breeding grounds, 3) duration on the
breeding ground, 4) date to initiate incubation, 5) duration of incuba-
tion, 6) nest success, and 7) date of departure from the breeding
grounds. For the subset of knots that stopped at Delaware Bay we
examined differences in the duration at that stopover as a function of
wintering cohort. We also examined differences in incubation duration
(surrogate for breeding success) as a function of year on the breeding
grounds (2009-2016), wintering cohort (US Atlantic coast, South
America [north, south], Texas), and temporal variables (e.g. time at pre-
breeding stopover, time at Delaware Bay if relevant, arrival at breeding
grounds, start of incubation). Thus, we test the hypotheses that there are
no differences in incubation periods (= reproductive success) as a
function of year, breeding cohort, and time on the Pre-Arctic stopover.
From the duration of incubation, we estimated nesting success (and
numbers of birds not incubating at all); from the departure date (relative
to the cessation of incubation) we identify how many knots stayed
longer than others to care for chicks. The knots in Texas primarily use
the Central flyway and those from the other wintering cohorts use the
Atlantic coast flyway, which partly serves to isolate the effects of the
Delaware Bay stopover (Texas-wintering birds never came to Delaware
Bay) (Burger et al., 2012a,b; Newstead et al., 2013).

The large size of the dataset (including 104 Arctic tracks from 74
individuals) allowed for not only descriptions of individual breeding
schedules on the breeding grounds, but also examination of the differ-
ences between years and cohorts. and the different patterns of in-
dividuals that reached the breeding grounds but did not breed. This
latter information, identifying the percentage of non-breeders by year






J. Burger et al.

for a series of varying years is impossible to obtain from field work since
a bird may be present in the Arctic, but not anywhere near a field study
area. Further, observations from field work seldom know which
wintering cohort of knots are being studied, or where they stopped over
during migration. One final objective was to establish a baseline
schedule of dates and durations against which future changes in the
migration of this threatened species might be measured, for example in
response to global warming, especially in the Arctic (IPCC, 2021). While
there are numerous studies of the breeding, migration and stopover
behavior of shorebirds, and indeed volumes (Burger and Olla, 1984;
Colwell, 2010), studies on the phenology of shorebirds throughout the
cycle are rare, particularly those that address the population of shore-
birds that reaches the breeding grounds (whether or not they breed). The
present study provides the first data on percent of knots reaching the
breeding grounds that breed (and percent that incubate successfully), as
well as providing data on the timing and duration at the last stopover,
and on incubation and duration in the Arctic, providing new information
on migration connectivity and breeding success.

2. Methods

For over 25 years the Delaware Bay Shorebird Project to examine the
stopover behavior and migration patterns of red knots has continued at
Delaware Bay (New Jersey, USA), and been expanded to other sites in
Argentina, Chile, Brazil, Texas, along the U.S. east coast in Florida,
South Carolina, Massachusetts, and in Canada at the Mingan Archipel-
ago (Niles et al., 2008, 2009, 2012). These programs relied heavily on
both local and international scientists and volunteers to aid in capture,
processing, and re-sightings of shorebirds (Burger et al., 2017). The

Environmental Research 215 (2022) 114227

overall protocol was to capture knots, affix bands and geolocators, and
determine migration routes and incubation behavior.

2.1. Capture methods

The overall protocol for this research was to capture red knots at
several stopover and overwintering sites, affix bands and light-sensitive
geolocators, capture them in later years to recover the geolocator from
which we determined their schedules of arrival and departure to the Pre-
Arctic stopover, the arrival into the Arctic, whether they incubated, date
of incubation initiation, date of cessation of incubation, and their date of
departure from the Arctic region. Geolocators were deployed at many
sites from 2009 to 2016. The knots were captured by cannon-netting,
handled briefly for measuring and weighing, banded, and released
under appropriate protocols.

In 2009 we began deploying light-sensitive geolocators on red knots
during the stopover at Delaware Bay, using leg mounts (Niles et al.,
2010, 2012; Burger et al., 2012a,b). These devices use a light sensor to
record sunrise and sunset, and daylight length from which latitude and
longitude can be determined (Porter and Smith, 2013). Subsequently,
geolocators were deployed at many sites during the years 2009-2016
(including along the Atlantic Coast of the U.S. and in Texas, Newstead
et al., 2013). The only place nearly all rufa red knots stopped on their
northward migration was in the Pre-Arctic stopovers (usually Hudson
Bay region). Capture was by cannon net. Fig. 1 indicates the locations of
capture and the main pre-incubation stopover and breeding areas.

Recapturing shorebirds on stopover and wintering locations with
geolocators is particularly difficult and time consuming because one is
trying to capture specific birds within large flocks of hundreds or
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Fig. 1. Locations of the main wintering sites and migration stopovers, as well as Hudson Bay, which is the primary Pre-Arctic stopover. Light blue indicates the area
of Pre-Arctic stopover, the darker blue indicates other stopover and overwintering sites. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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thousands. The data are only retrievable with recapture. However,
although the battery may last only 1 to 2 seasons, the data can be
downloaded whenever the bird is captured. Issues associated with cap-
ture of individual birds (e.g. stress) were minimized by limiting the time
birds were held in covered cages, limiting the time of handling, and
releasing birds immediately to the shore where they were captured.
Others have also found no strong effects of leg-flagged geolocators on
return rates or reproduction (Hedenstrom A. et al., 2013; Pakanen et al.,
2015), although effects may occur over a longer time periods or with
smaller-sized species (Weiser et al., 2016; Pakanen et al., 2020).

2.2. Interpretation of data from geolocators: arrivals, durations,
departures

Recovered geolocators were analyzed using the BAStrak program
provided by the manufacturer and described in Porter and Smith (2013)
for locations and Burger et al. (2012a) for incubation. We used an
additional method of interpreting data from geolocators using “true
nights” to delimit the Arctic period (see below). Measurement of dura-
tion of pre-breeding stopovers was straightforward; we counted the days
each knot was present there. Computing duration in the Arctic is more
difficult, since geolocators do not record arrival and departure dates at
breeding grounds above the Arctic Circle. Additionally, our sample in-
cludes birds that stopped over along Hudson Bay, or Saskatchewan, or
flew directly into and out of the Arctic from the East Coast. So, to
determine Arctic duration we chose to use the date the bird crossed the
terminator when going northward in spring and southward in fall. In
other words, geolocators showed the progression of shorter nights as a
bird moved northward, and identified one last date of zero light level (i.
e. full darkness), before disappearing into regions of 24-h daylight.
Similarly, there was one first date of the appearance of true night coming
southward. The difference between these dates was our measure of
presence in the Arctic. The geographical band corresponding to this
measurement is approximately from latitude 59 to 64 (Mid-Hudson Bay
to Southampton Island), and the maximum error of this Arctic duration
is 1 day, since there are 12 h between fixes northbound and southbound.
This measurement was used to compare the Arctic duration of successful
incubators, failures, and birds not attempting incubation (hereafter
referred to as “non-incubators™). Six knots with geolocators stopped at
southern breeding areas (Southampton Island, Cambridge Bay, Ungava
Bay) that experienced true night on the breeding grounds, and the dates
of departure and arrival of the Hudson Bay latitude (~59°N) were used.
Further, the saltwater signals from the geolocators were used to deter-
mine whether birds were used to confirm that birds were not in salt
water (see Battley and Conklin, 2017). All knots discussed in the results
of the paper were fitted with geolocators.

Thus, to test the effects of year, breeding cohort and time in the Pre-
Arctic we identified where each bird overwintered, and then we
computed the time each knot spent on the Pre-Arctic, on Delaware Bay
(if they stopped there), on the breeding grounds before breeding, and
the time spent incubating. We also examined the effect of data of arrival
at each site for each individual knot.

2.3. Interpretation of incubation

Identification of incubation light signals proceeded in accordance
with the methods described in Burger et al. (2012a). The rationale for
analysis is that once in the Arctic, there is no longer a light/dark cycle
and therefore, a regular long period of darkness/day represents incu-
bation since the knot is sitting down and covering up the leg-mounted
geolocator (giving a dark signal) (Burger et al., 2012a, Fig. 2). A knot
was assumed to be incubating if it showed dark signals of >6 h
continuously with only very short interruptions of 15 min or less (= a
long bout), followed by at least 4 h of continuous light, and this pattern
lasted for at least 5 days. In summary, the incubation start was possibly
after the 3rd egg, since often there were shorter bouts over the preceding
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Fig. 2. Graphic representations of the general incubation patterns illustrated by
four red knots. Above the Arctic Circle, there is continuous daylight during the
breeding season; if a bird incubates, the geolocator may be under the bird,
producing a light/dark pattern indicating periods of incubation (modified from
Burger et al., 2012a). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

two days. The last incubation bout was the last day of dark signals that
reached 0 light level; those individuals without at least a consecutive
sequence of 3 days having episodes of dark signals exceeding 1 h were
assigned to category “non-incubator”, although there might be daily
short (<30 min) dark spikes when a bird might sit on the geolocator (e.
g. sun bathing, etc). That is, a non-incubating bird may sit or sun bath for
short periods, without sitting on eggs, but these very short bouts did not
reach more 30 min.

The duration of successful incubation in rufa red knots has been
estimated to be 20-22 days (Harrington, 2001; Harrington et al., 2010).
However, it is likely that the incubation period of 20-22 days is a
“typical” value, subject to variation. Further, when interpreting the data
from geolocators, only one member of the pair was available (e.g. with a
geolocator), and this bird could be the second parent to initiate incu-
bation, thus the incubation period may actually be one day shorter. In
our previous work we used 18 days or more as indicating successful
incubation (Burger et al., 2012a). This observation was corroborated by
data presented later in this paper, where it appears that the boundary
between failed nests and early success would lie between 17 and 19
days. Furthermore, if the partner of the knot was on the nest during the
first and/or last day, then 18 days recorded by the geolocator would
represent 19 or 20 days of nest incubation. This precipitated our choice
to interpret 18 recorded days as success. The choice does not change our
conclusions (see incubation section below). For further descriptions of
methods, see Niles et al. (2010), Minton et al. (2013), and Burger et al.
(2012a,b, 2022).

The unit of analysis is the track of a knot starting from the last
stopover before reaching the Arctic (104 tracks from 74 knots). There
were 4 main wintering cohorts of red knots in this study: 1) southern
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South American, 2) northern South America, 3) southeastern USA and
Caribbean (hereafter the “East Coast cohort”), and 4) those wintering in
Texas (hereafter the “Texas cohort”). The migrations of the four cohorts
intersect along southern Hudson and James Bays and share the same
Arctic breeding grounds. Yearly data are presented for 2009 to 2014; we
only had two geolocators from 2015 to 2016, so they are not included in
the yearly analysis. For other analyses we used the entire data set of 104
geolocator knot tracks.

We used general linear models (GLM, SAS, 2020) to assess factors
affecting incubation success. Factors included year, wintering cohort,
arrival date and duration at the Pre-Arctic stopover, arrival date to the
Arctic, incubation start date, and an interaction term (e.g. year X date of
arrival to Arctic, wintering cohort X year, Winter cohort X arrival, etc).
We developed one model to examine the factors affecting the number of
days of incubation (whether successful or not), and a second for the
factors associated with successful incubation (e.g. only the birds
attempting incubation) (SAS, 2020).

To examine the differences in means of different temporal patterns
and durations, we used Kruskal Wallis X2 tests (PROC NPARIWAY, SAS,
2020). This test was used because it is more conservative and best fitted
for small data sets (Siegel, 1956). We examined pairwise correlations of
variables using Kendall’s tau correlations.

3. Results
3.1. Overadll breeding phenology and breeding success

The overall objective was to determine the factors that are associated
with knots breeding successfully or not. 45% of the geolocator records
for red knots indicated successful incubation, 31% failed (e.g. incubated
for fewer than 18 days), and 24% never attempted breeding. The pattern
of incubation duration is shown in Fig. 3. This figure includes all knots
that initiated incubation. It shows that failure occurred at different
points during incubation. However the median incubation period was
20-21 days for those that incubated 18 days or more (e.g. successful
incubation). A few birds showed incubation for several more days,
which might reflect that an egg did not hatch or chicks were being
brooded.

3.2. Factors affecting breeding success (incubation success)

We developed 2 models using the duration of incubation: 1) for all
knots (whether they incubated or not) and 2) for only those knots that
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initiated incubation. In the former case, the duration was 0 for those that
did not incubate. For the latter the start date of incubation could be used
in the model. The best model for all knots explained 35% of the variation
in terms of year in the Arctic, wintering cohort, arrival date at the Pre-
Arctic stopover, duration in the Pre-Arctic, and arrival in the Arctic
(Table 1). For the second model, only arrival dates in the Pre-Arctic
stopover and arrival in the Arctic, and duration in the Pre-Arctic influ-
enced breeding success. The start date of incubation was not a signifi-
cant variable, perhaps because of the significance of the other variables
(Table 1). No interaction terms were significant so were excluded from
the final models. While nearly all knots stopped in a Pre-Arctic stopover
(mainly Hudson Bay) prior to arrival on the breeding grounds, they did
not all stop in Delaware Bay, thus we could not examine the effect of
Delaware Bay in the models because it would reduce the sample size.
Duration of stopover at Delaware Bay is considered in another table. The
data reject the hypotheses of no differences in reproductive success as a
function of year, wintering cohort and time at pre-Arctic stopovers
(Table 1).

Table 1

Factors contributing to incubation success in all red knots that arrived in the
Arctic®, and for only those than initiated incubation, as determined by light-
sensitive geolocators (GLM, SAS, 2020).

Duration of incubation Duration of incubation for only

for all knots® those knots that incubated
Model
F value 3.75 2.33
D,f 11,79 11,59
R? 35% 45%
vP 0.0008 0.0004
Factors entering”
Year in the Arctic  2.32 (0.03) 1.05 (not significant)
Wintering cohort 2.82 (0.04) 1.98 (not significant)
Arrival date in 4.89 (0.02) 10.8 (0.002)
Pre-Arctic
Duration in Pre- 5.52 (0.02) 3.73 (0.05)
Arctic
Arrival in Arctic 5.46 (0.02) 3.06 (0.06)
Start date for 1.03 (not significant)
incubation

2 Some knots did not initiate incubation, and their duration of incubation was
therefore 0.

b Because none of the Texas wintering knots stopped at Delaware Bay, and
some of the others did not, the effect of Delaware Bay could not be entered in
these models.

T T
o N & O

Number of Birds

o N B OO

Incubation Durations 2009-2016

2 3456 7 8 91011121314151617181920212223242527
Days of Incubation

Fig. 3. Duration of incubation for all rufa red knot tracks in the Arctic. Given are the number of knots that exhibited each incubation duration from 2009 to 2016.
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3.3. Importance of arrival date in the Pre-Arctic stopover, duration at this
stopover and arrival in Arctic

We examined the temporal patterns for the red knots from their last
Pre-Arctic stopover to their departure from the Arctic at the end of the
breeding season. The last Pre-Arctic stopovers were along the southern
shore of Hudson’s Bay, James Bay, Saskatchewan and a few other sites of
similar latitude visited by single birds. Of the Arctic trips made by the
knots in the Atlantic flyway, 99% (n = 67) included a stopover along the
Hudson’s Bay southern coast on their northbound migration after
leaving the East Coast. The Texas cohort used the Central flyway, where
28% (n = 36) stopped at Hudson Bay, and 47% stopped in Saskatchewan
(and 25% stopped elsewhere). Three knots flew directly into the Arctic
beyond the Arctic circle, two from Delaware Bay and one from Texas.

The dates of arrival and duration in the Pre-Arctic stopover, and
arrival in the breeding grounds were significantly associated with
whether birds were successful or not (Table 1. Fig. 4). The differences
were small, but significant with over 100 tracks (Table 2). Most notable
is that successful knots spend more time at the Pre-Arctic stopover site
where they may be able to refuel, increasing their body condition before
the last, short, flight to the Arctic to start breeding.

For the entire data set, the duration of incubation (i.e. including
0 days when a bird did not attempt incubation), was negatively corre-
lated with arrival date in the Pre-Arctic (r2 —0.30, P < 0.0001), and
positively correlated with the duration in the Pre-Arctic period (r? =
0.16, P < 0.02). That is, if a knot arrived earlier on the Pre-Arctic
stopover, it stayed for longer, and it was more successful at incuba-
tion. Secondly, the start date of incubation was positively correlated
with the day to arrive on the Pre-Arctic stopover (such as Hudson Bay, r?
= 0.64, p < 0.0001).

In Table 2 we present both median dates and mean durations relative
to incubation because they provide different information. These data of
small variances indicate the tight schedule knots face on the breeding
grounds. The median time between arrival in the Arctic breeding
grounds and initiation of incubation was 16 days (17 days for the failed
incubators). Thus, birds had about two weeks to establish territories,
find mates (or re-establish them), and gain any necessary fat stores.
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Table 2

Effect of timing on breeding success in rufa red knots based on data from light-
sensitive geolocators. Means and medians are given for some metrics for com-
parisons to other published data on stopover and incubation periods.

Successful Failed Non-
incubation incubation breeding
Arrival at Pre-Arctic stopover 27 May 29 May 29 May
(median)
Pre-Arctic stopover duration 13.0 10.5 12,5
(days)(median)
Mean (+ s,d.) Pre-Arctic stopover 14 £ 0.8 12+1.3 12 +1.1
duration®
Pre-Arctic stopover departure 9 June 10 June 11 June
date = arrival at breeding
grounds (median)
Mean (&+s.d.) arrival date in 8 June + 0.4 9 June + 0.9 11 June +
Arctic” 0.9
Incubation start (median) 24 June 26 June None
Incubation end (median) 15 July 4 July None
Left Arctic (median) 23 July 15 July 19 July
Duration on Arctic breeding 46.0 38.0 38.0

grounds (median)

2 X2 = 8.9, P > 0.01. The longest period was 32 days in the Pre-Arctic

stopover.
b x2-75,P>0.02

Among failed incubations there were 4 instances when a second clutch
was laid after an initial failure. The dates of failure of the first clutch
ranged from 25 to 28 June (dates 25 and 28 June 2010, 27 June 2011,
and 28 June 2012), approximately 2 weeks into the Arctic season. The
median interval between these clutches was 6 days (6, 6, 6 and 9 days),
and in 3 of the 4 instances, the 2nd clutch was incubated successfully to
term, finishing on 22 July (2 birds) and 24 July, before the end of the
normal hatching period. These successes occurred one in each of three
years, and therefore are not attributable to singularly good conditions in
one year. Although second clutches were rare in number, the outcomes
proved them to be worthwhile.

Arrival in Arctic Breeding Site: Successful Incubators (n = 54)
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Arrival in Arctic Breeding Site: Failing Incubators (n = 27)
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Arrival in Arctic Breeding Site: No Incubation Attempts (n = 23)
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Fig. 4. Arrival at Artic breeding areas as a function of whether rufa red knots attempted incubation (red), or attempts were successful (blue) or failed (black). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.4. Arctic year and phenology as contributors to breeding success

Year was an important factor affecting reproductive success in red
knots. There were 104 trips to the Arctic from 2009 to 2016 recorded by
knots that were examined for incubation signals (4 knot tracks in 2015
and 2016 were too few to include in the table). Table 3 contains the
results for each year from 2009 to 2014. There were significant differ-
ences among years, with success being highest in 2011, and lowest in
2009 and 2013 for the knots fitted with geolocators.

There are significant between year differences among the three
categories when the large sample years (2010-2013) are compared (X>
= 14.6, P = 0.03). The effect was slightly weaker when 2009 and 2014
were included (X2 = 17.5, P = 0.064). Most birds initiated incubation,
but there was a between year effect on number of birds foregoing in-
cubation (X2 = 7.9, P = 0.048). Success varied across years, with more
than half of the tracks indicating success in 2011 and 2010 x?= 5.3,P
= 0.02). Although weather no doubt played a proximal influence on
behavior of breeding knots, the data set is not long enough to infer an
impact from climate change. This data, however, will be useful for
comparison with future climatic change research.

3.5. Yearly variations and small-scale temporal patterns

We examined the data for potential small scale yearly differences in
schedules of activities that might account for the yearly variations in
reproductive success (Table 4). There is no clear pattern in changes in
success as a function of the date of arrival at the Pre-Arctic stopover or
start of incubation, nor in the duration of each. Further, there is little
difference in the start date of incubation among years, and the start date
for incubation is the same for the years with the highest and lowest
success (Table 4).

Although reproductive success varied greatly (from 21% to 76%)
between years, the phenology did not substantially differ. The start of
the Pre-Arctic period only varied by 4 days, but the duration at the Pre-
Arctic stopover varied by 7.5 days, which allows knots more time to
build up fat reserves (or maintain fat reserves) before their short flight to
the breeding grounds. Despite differences in stopover duration, median
incubation started between 23 and 26 June (suggesting pressure to begin
incubation). Thus, the slight, but significant differences, coupled with
the much larger difference in reproductive success suggests that body
condition (fat reserves) played a significant role (see discussion).

3.6. Wintering cohort and breeding success

There were significant differences in breeding success as a function
of wintering cohorts. The four cohorts represent different wintering
populations, separated geographically. This means that the birds
wintering in Texas or along the Atlantic coast and Caribbean have a
shorter distance to travel than those wintering in northern South
America. Those travelling from southern South America have even
farther to travel (round trips of about 30,000 km, Niles et al., 2012). In
this study, birds from Texas had significantly higher incubation success,
and the birds from southern South America had the lowest level of

Table 3
Breeding success as a function of year for rufa red knots. Given are percent of
knot tracks.

Year (number of Successful Failures  Not attempting
knots)* incubations incubation
2009 (9) 29% 29% 42%

2010 (31) 58% 23% 19%

2011 (25) 76% 16% 8%

2012 (17) 47% 41% 12%

2013 (14) 21% 36% 43%

2014 (5) 40% 40% 20%

The years 2015 and 2016 had only 4 results, and were not included in the table.
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success (Table 5, X2 = 13.6, P < 0.03). We did not have data from some
geolocator birds from each wintering cohort. Even so, the Texas birds
were more successful than those from elsewhere. In only 1 of 4 years did
any of the Texas cohort knots fail to attempt breeding (2013). By com-
parison, some of the Atlantic Coast and Caribbean wintering birds failed
to attempt breeding in 3 out of 4 years, and some of the South American
wintering cohort failed to attempt breeding in 4 out of 5 years.

3.7. Importance of Delaware Bay as a stopover for different wintering
cohorts

A smaller subset of the Atlantic flyway knots stopped on Delaware
Bay on their northward migration (Table 6). Nearly all birds coming
from South America stopped at Delaware Bay, while only half of the
short distance migrants (Caribbean and U.S.) stopped at Delaware Bay.
The differences in duration of time on Delaware Bay differed signifi-
cantly as a function of wintering locations (Table 6). The knots from
southern South America spent an average of 6.7 days foraging on
Delaware Bay, while those from the Caribbean/U.S. wintering cohort
spent an average of 15.4 days (Table 6).

The mean start of incubation for all four wintering cohorts was
24-25 June.

3.8. Post-incubation cycle and departure from the arctic

The median date that knots left the Arctic breeding grounds varied,
with successful breeders (e.g. those that incubated successfully) leaving
on 23 July, while those that failed to initiate incubation (15 July) or
failed incubation (19 July) left earlier. Thus, the duration in the Arctic
was longer for successful breeders (median of 46 days) than for those
that did not initiate incubation or failed incubation (38 days, Table 2).
The range in dates of individual departure varied: 2009 (6 July tol5
August), 2010 (6 July to 11 August 2011 (10 July to 9 August), 2012 (12
July to 29 July), and 2013 (14 July to 26 July). There was no apparent
relationship to overall reproductive success.

The duration of the post-incubation period (for successful breeders)
is of interest because it shows knots exhibited two patterns: remaining
for up to 9 days after hatching (cessation of incubation), or 16-27 days
after hatching (Fig. 5). The early departing birds may be females, or
males that lost their chicks. The latter group is likely males that remain
to care for chicks, although this requires direct field observations.

4. Discussion

The main objective of the overall geolocator project was to identify
the major migration patterns, locate new stopover sites, and understand
flight speeds and distances (Niles et al., 2010, 2012), as well as to further
explore specific migration patterns (e.g. breeding grounds for Texas
birds, migration paths of migrants moving through Monomoy) (Burger
et al., 2012b; Newstead et al., 2013). In the process we discovered that
geolocators could be used to understand incubation patterns (Burger
etal., 2012a). However, addressing these key questions resulted in some
inherent biases. In addition to the usual problems of banding and
tagging birds, using geolocators is difficult because the birds have to be
recaptured to acquire the data. A second problem is in the deployment of
geolocators — they were deployed where possible mainly during the
period 2009 (the pilot year, Burger et al., 2012a) to 2013. Both funding
and logistics played a major role in where geolocators were deployed,
and in their subsequent capture. Though the sample sizes from each
wintering cohort in this study are likely not proportional to the relative
population size of each of the cohorts, the phenologies and incubation
behavior presented here represent the best available data at the level of
these wintering populations. Recently newer technologies have allowed
for more in-depth understanding of the relationship between timing of
migratory stopovers, arrival on the breeding ground, and body condition
from knots leaving Delaware Bay (Duijns et al., 2017). However, for
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Table 4

Reproductive success in terms of temporal events for rufa red knots in the breeding season. Given are medians for the 101 knot tracks.
Year (number) % Pre-Arctic Pre-Arctic stopover Arctic period Incubation Incubation duration for End date in Duration in

success stopover start duration starts start successful knots Arctic Arctic
2009 (9) 29% 30 May 11 9 June 24 June 225 27 July 48
2010 (31) 58% 25 May 15 10 June 25 June 20 23 July 43
2011 (25) 76% 31 May 10 10 June 23 June 21 20 July 41
2012 (17) 47% 27 May 9.5 6 June 26 June 21 21 July 44
2013 (14) 21% 28 May 10.5 8 June 23 June 21 19 July 38.5
2014 (5) 40% 31 May 7.5 6 June 24 June 26 22 July 46.5
2009- (101) 45% 29 May 11 9 June 24 June 21 21 July 41.5
2014*"

2 mean from individual knot tracks, not a mean of the means.
b after 2015 too few for yearly analysis.

Table 5
Breeding success as a function of wintering cohorts for rufa red knots based on
104 tracks (2009-2016).

Wintering Number of Successful Failures Not
Cohort knots incubation (18 (<18 attempting
(tracks) days and over) days) incubation
Atlantic coast 22 (29) 58.3% 12.5% 29.2%
Northern 20 (21) 40.7% 33.3% 25.9%
South
America
Southern 9 (13) 25% 62.5% 12.5%
South
America
Texas 23 (31) 66.7% 25% 8.3%
Table 6

Duration of stopover for rufa red knots using the Atlantic flyway (no Texas
cohort knots used the Atlantic flyway).

Caribbean and  Northern South Southern South
u.s. America America
Number of knots (track) 22 (29) 20 (21) 9 (13)
% stopping at Delaware 47% 90% 88%
Bay®
Duration at Delaware 15.4 + 2.4 12.9 + 0.75 6.7 + 1.0
Bay stopover (days)
% stopping at Hudson 100% 95% 92%
Bay
Duration at Hudson 149+75 89+05 7.5+ 0.8
Bay™®
% success 58% 40% 25%

@ Caribbean and Atlantic coastal birds stopped at several places along the
Atlantic coast while migrating north. X.2 = 13.2, P > 0.001.

b X2 = 24.2, P > 0.0001.

¢ Texas knots spent 17.7 + 0.9 days in Pre-Arctic.

now, full year (and multi-year) data on red knot migration remains out
of reach of technologies outside of geolocators. The present paper links
the tracks of knots from the last stopover in Hudson Bay area (or in some
cases, after knots left Delaware Bay) with reproductive success,
including demonstrating the key importance of the Pre-Arctic stopover.

The main findings from the 104 knot tracks fall into two categories:
1) information about schedule and timing of knots, and 2) factors
associated with incubation success. Both are important because the
former provides the first large-sample description about schedule and
phenology, and the latter provides insights into factors directly affecting
reproductive success, and both have implications for conservation. Key
findings from the tracks from the stopover sites to the breeding grounds,
to their departure from the Arctic following the breeding season are: 1)
almost all knots stopped at a northern site (>50° N latitude) prior to final
departure to the Arctic, 2) over 6 years, reproductive succsss (= incu-
bation success) varied from 21% to 76%, but timing of incubation
initiation did not, 3) the majority of successful knots incubated for

20-21 days, 4) median time on the Arctic breeding grounds ranged from
38 to 48 days over the years, and 5) reproductive success was associated
with Arctic year, wintering cohort, arrival and duration time in the Pre-
Arctic stopover, arrival on the Arctic breeding grounds, and for the
Atlantic Flyway rufa knots, the duration of the stopover at Delaware Bay.
These main findings will be discussed below.

4.1. Pre-Arctic schedule

When the migration patterns of rufa red knots and other shorebirds
were first examined in the late 1980s to the early 2000s, the emphasis
and attention was directed at the “main” stopover sites that were located
in the temperate regions — Cape Cod, and Delaware Bay on the East
Coast, and California bays and estuaries on the West coast of North
America (Morrison, 1984). However, it is important to identify all the
key stopovers for the conservation of animals, particularly threatened or
endangered species that are in sharp decline (Runge et al., 20140).
Recognition of the importance of more northern stopovers in the annual
cycle of knots has resulted in significant attention to the connectivity of
migration stopovers (McKellar et al., 2015). Various locations on Hud-
son Bay, for example near the Nelson River, have proven to be an
important stopover before knots make the final journey to their breeding
grounds (McKellar et al., 2015). This is an example of the importance of
the geolocator work as the stopover sites in McKellar et al. (2015) paper
were identified by geolocators (some of those used in the present study),
and this lead to ground and aerial surveys that confirmed the importance
of this region as a Pre-Arctic stopover for several species of shorebirds.
Before geolocators, the main stopover sites that were studied were those
that were known traditionally, were easy to get to, and had largely been
determined by band returns. Geolocators allowed identification of key
stopover sites both to the north and to the south of the traditionally
studied stopover sites on the temperate coasts of North America (Niles
et al.,, 2010, 2012; Burger et al., 2012b). It was for this reason that we
began our examination of incubation and breeding success with the
dates and duration of the stopover in the Pre-Arctic arrival period
(rather than simply starting with the Arctic breeding data). The
Pre-Arctic stopover turned out to be associated with reproductive suc-
cess, along with stopover time in Delaware Bay, wintering cohort, and
Arctic breeding year. These are clearly related, and difficult to tease
apart. Rufa red knots from different wintering cohorts (and different
flyways) showed a significant difference in time spent at both Delaware
Bay (Atlantic coast rufa) and Hudson Bay, and in reproductive success
(see below).

Many of the rufa knots using the Atlantic flyway made a critical
stopover at Delaware Bay where they refuel (Baker et al., 2013). This site
has received considerable attention because of the decline in horseshoe
crab eggs (their primary food source, Tsipoura and Burger, 1999). While
knots clearly nearly double their weight at the Delaware Bay stopover
(Niles et al., 2008, 2009; Baker et al., 2013)), they use this energy to fly
to Hudson Bay, and either maintain their weight or gain additional
weight (McKellar et al., 2015) before flying to the breeding sites. While




































