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Abstract

Stopover sites are critical for refueling and resting by migrating birds. Clarifying the habitat requirements of migratory
birds during stopover is important for understanding migration ecology and for conservation management. Habitat use by
migratory birds at stopover sites, however, has been inadequately studied, and individual variation in habitat use among
species is largely unexplored. We tracked the movement of migrating Whimbrels, Numenius phaeopus, using Global Posi-
tioning System—Global System for Mobile Communication tags at Chongming Dongtan, an important stopover site in the
South Yellow Sea, China, in spring 2016 and in spring and autumn 2017. Multinomial logistic regression and multimodel
inference were used to detect the effects of the individual bird, the diel factor (day vs. night), and tide height on the habitat
use by Whimbrels during the stopover. The activity intensity of Whimbrels was lower during the night than during the day,
while the maximum distance that tagged Whimbrels moved was similar between day and night. The saltmarsh and mudflat
were intensively used by all of the individuals in all three seasons: >50% and 20% of all records were obtained from the
saltmarsh and mudflat, respectively. Habitat use significantly differed among individuals; the farmland and woodland were
used by some individuals in spring 2016, while the restoration wetland near the intertidal area was used by some individu-
als in 2017. In general, the saltmarsh, farmland, and woodland were more frequently used in the daytime, while the mudfiat
was more frequently used at night. As tide height increased, the use of the mudflat decreased while the use of the saltmarsh
increased. The results suggest that individual-based bio-tracking can provide detailed data on habitat use both during the
day and at night. Differences in habitat use among individuals and periods highlight the importance of diverse habitats for
bird conservation.

Keywords Individual difference - Diel variation - Tide height - Chongming Dongtan - Migration - Bird conservation

Communicated by T. Gottschalk.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10336-019-01683-6) contains
supplementary material, which is available to authorized users.

P4 Zhijun Ma 3 Shanghai Chongming Dongtan National Nature Reserve,
zhijunm @fudan.edu.cn Shanghai 202183, China

Ministry of Education Key Laboratory for Biodiversity
and Ecological Engineering, College of Life Sciences,
Beijing Normal University, Beijing 100875, China

Ministry of Education Key Laboratory for Biodiversity
Science and Ecological Engineering, Coastal Ecosystems
Research Station of the Yangtze River Estuary Shanghai
Institute of Eco-Chongming, Fudan University,

Shanghai 200433, China

School of Chemistry and Life Sciences, Chuxiong Normal
University, 546 South Road of Lucheng, Chuxiong,
Yunnan 675000, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10336-019-01683-6&domain=pdf
https://doi.org/10.1007/s10336-019-01683-6

1110 Journal of Ornithology (2019) 160:1109-1119

Zusammenfassung

Habitat-Nutzung ziehender Regenbrachvogel (Numenius phaeopus): eine telemetrische Studie in einem Rastgebiet
am Gelben Meer

Fiir ziehende Vogel sind die Rastgebiete sehr wichtig, um sich dort auszuruhen und neue Nahrung aufzunehmen. Das
Verstindnis der Okologie des Vogelzugs zu verstehen und ein wirksames Naturschutz-Management anwenden zu konnen,
hingen davon ab, die Anforderungen an die Rastgebiete moglichst gut zu kennen. Die Nutzung dieser Orte durch die Zugvogel
ist bislang jedoch nur unzureichend untersucht worden, und iiber eine unterschiedliche Nutzung durch unterschiedliche
Vogelarten weils man nur sehr wenig. Im Frithjahr 2016 und Friihjahr und Herbst 2017 verfolgten wir mithilfe von GPS-
GSM-Sendern die Ortsbewegungen ziehender Regenbrachvogel (Numenius phaeopus) bei Chongming Dongtan, einem
wichtigen Rastgebiet am siidlichen Gelben Meer in China. Mittels multinomialer logistischer Regressionsanalysen und
Multimodel-Inferenz wurden priiften wir den Einfluss des Individuums, der Tageszeit (Tag vs. Nacht) und der Gezeitenhohe
auf die Habitatnutzung der Regenbrachvogel. Die Aktivititsintensitit der Regenbrachvogel war wihrend der Nacht niedriger
als am Tag, wihrend die maximale Entfernung, die die markierten Tiere zuriicklegten, zwischen Tag und Nacht dhnlich
waren. Alle Tiere nutzten die Salzwiesen und Wattflichen intensiv in allen drei Zugzeiten: >50% und 20% aller Nachweise
stammten von den Salzwiesen bzw. dem Watt. Die Nutzung des Habitats variierte jedoch sehr stark zwischen den einzelnen
Tieren. So nutzten im Friihjahr 2016 einige Vogel Ackerland und Buschland, wihrend wiederhergestellte Feuchtbiotope
nahe der Gezeitenzonen von manchen Tieren im Friihjahr 2017 genutzt wurden. Generell wurden die Salzwiesen, Acker- und
Buschflachen stirker wihrend des Tages besucht, das Watt 6fters in der Nacht. Mit steigender Fluthohe nahm die Nutzung
des Watts ab und die der Salzwiesen zu. Diese Ergebnisse legen nahe, dass individuelle Telemetrie detaillierte Daten iiber
die Habitatnutzung bei Tag und Nacht liefern kann. Die unterschiedliche Habitatnutzung von Einzeltieren und wihrend

verschiedener Perioden unterstreicht die Bedeutung unterschiedlicher Habitate fiir den Vogelschutz.

Introduction

Many migratory birds fly tens of thousands of kilometers
between their breeding and non-breeding grounds every
year. During these migrations, the birds generally stay tem-
porarily at one or more stopover sites, where they consume
large quantities of food and store a large amount of fuel
(Newton 2008). To satisfy the requirement for rapid fuel
deposition, the birds must optimize their habitat use dur-
ing stopovers. Detecting how migratory birds use a variety
of habitats at stopover sites is important for understanding
migration ecology and selecting conservation measures.

Habitat use can be affected by both extrinsic and intrin-
sic factors. The extrinsic factors include habitat availabil-
ity, habitat quality, predation risk, human disturbance, and
intraspecific competition (Cody 1985; Pomeroy et al. 2006;
Tuomainen and Candolin 2011; Murchison et al. 2016); The
intrinsic factors include bird age (van den Hout et al. 2017),
gender (Catry et al. 2012), and morphological characteristics
(Duijns et al. 2015). Habitat use can also be affected by the
character of individuals, as influenced by genetics or early
life history (Alves et al. 2010; Holtmann et al. 2017; Spiegel
et al. 2017). Although behavioral differences among indi-
viduals in the same population have been reported, studies
on habitat use generally ignore the individual differences
within a population because of the difficulty in tracking the
movement of individuals.

Many shorebirds are long-distance migrants and require
high-quality stopover sites for refueling during migration.
During both migration and non-breeding periods, most
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shorebirds stay along coasts and forage on macrobenthos
on intertidal habitats (Ens et al. 2004). It follows that habitat
use is strongly affected by tide rhythm. Shorebirds on tide-
lands generally forage during low tide, when the intertidal
habitats are exposed, and move outside the littoral region
during high tide, when the shore is submerged (Dias 2009;
Choi et al. 2014). Detecting the effects of tide on habitat use
is an important aspect of understanding the habitat ecology
of shorebirds.

To achieve the rapid fuel deposition required for migra-
tory flight, most shorebirds forage both in the day and at
night at stopover sites (Santiago-Quesada et al. 2014). Hab-
itat use can differ greatly between day and night. On the
one hand, the circadian rhythms of the macrobenthos on
tidelands affect food availability (McNeil et al. 1995; Esser
et al. 2008). On the other hand, many shorebirds are visual
foragers, and their foraging efficiency is lower at night than
during the day. Birds may improve their foraging efficiency
by using different habitats in the day than at night (Beau-
champ 2007). Habitat use in the day vs. night can also be
affected by predation risk and human disturbance. At night,
birds may forage on open habitats to facilitate the detection
of nocturnal predators (Burton and Armitage 2005), or may
forage on habitats lacking potential predators (Sitters et al.
2001). Because assessing bird activity at night is difficult,
little is known about the difference in habitat use between
day and night.

With the development of bio-tracking techniques, the
movement of individuals can be recorded at fine spatial
and temporal scales (Kays et al. 2015), thereby making it
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possible to detect habitat use by individuals in both the day
and at night. In the current study, we analyzed the habitat use
of migrating Whimbrels, Numenius phaeopus, at Chongming
Dongtan (CMDT), a critical stopover site for shorebirds in
the East Asian-Australasian Flyway (Barter 2002; Choi et al.
2009). Whimbrels are rather large-sized shorebirds. In the
breeding season, they mainly forage in wet heaths, blanket
bogs, farmlands, pastures, and serpentine heaths (Massey
et al. 2016). In the non-breeding season, they forage along
coastal wetlands, such as tidal flats, mangroves, and salt-
marshes (Zwarts 1990; Turpie and Hockey 1993; McNeil
and Rompre 2010; Watts and Truitt 2011). They can also use
artificial habitats such as farmland during migration (Uhlig
1990). Whimbrels are visual foragers but can forage in both
the day and at night (Zwarts 1990; Turpie and Hockey 1993).
Although the habitat types used by Whimbrels have been
well described for both the breeding [e.g., the UK in Massey
et al. (2016)] and non-breeding grounds [e.g., South Africa
(Turpie and Hockey 1993); the US (Watts and Truitt 2011);
and Venezuela (McNeil and Rompre (2010)], habitat use by
migrating Whimbrels at stopover sites is poorly understood
and individual variation in habitat use has not been inves-
tigated. In the current study, we tracked the movements of
Whimbrels using bio-tracking technology and analyzed the

habitat use among individuals as affected by the diel changes
(hereafter day/night) and by tide height.

Methods
Study area

CMDT (121°50-122°05'E, 31°25'-31°38'N) is an estua-
rine wetland in the south Yellow Sea (Fig. 1). The tidal
cycle is semi-diurnal, with two high tides and two low
tides each day (Ma et al. 2011; Hua et al. 2017). The inter-
tidal area is composed of a vegetated saltmarsh at the high
and middle tidal flat and a bare mudflat at the low tidal flat.
The dominant plants in the saltmarsh are Scirpus mari-
queter, Scirpus triqueter, and Phragmities australis. The
saltmarsh is submerged by tidewater during the high tide
of the spring tide but is exposed in the neap tide and low
tide of the spring tide. CMDT contains a large area of res-
toration wetland, which was created by removing the alien
smooth cordgrass (Spartina alterniflora) and by providing
habitats for waterbirds. The restoration wetland, which is
near the natural tideland, has a dense reed community,
open water, and dryland that provide foraging, resting, and

I Water Il Restoration wetland

7 Mudflat B8 Aquaculture pond
[0 Saltmarsh B River

— Road B Farmland

— Dyke Bl Woodland

Fig. 1 Location of Chongming Dongtan (CMDT) in China (upper left) and in the Yangtze estuary (lower left), and distribution of habitat types

at CMDT (right)
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breeding habitats for many birds (Ma 2017). There is also
a large area of farmland inside the seawall, where rice
and wheat are the major crops. The farmland is usually
ploughed in May for rice cultivation and in October for
wheat cultivation. Woodland is patchily distributed near
the farmland and along rivers at CMDT (Fig. 1).

The Whimbrel is a common migratory shorebird at
CMDT. Along the East Asian-Australasian Flyway, the
Whimbrel is subspecies Numenius phaeopus variega-
tus. This subspecies mainly breeds in eastern and central
Siberia and winters in Southeast Asia and Australia (Bar-
ter 2002); about 1000 individuals are recorded in spring
and autumn each year at CMDT. During their stopover at
CMDT, Whimbrels mainly forage on the intertidal area,
including both the saltmarsh and the mudflat (Ma et al.
2009).

Bird capture and tagging

Whimbrels were captured at CMDT using clap nets as
part of a shorebird-banding program (Choi et al. 2009)
during the northward migration of 2016 and during the
northward and southward migration of 2017. After rou-
tine weighing, biometric measurement, and ringing of the
birds, we attached a solar-powered Global Positioning Sys-
tem—Global System for Mobile Communication tag (model
HQPG2009P, 9 g per tag; Hunan Global Messenger Tech-
nology, China) to each Whimbrel using a leg-loop harness.
A total of 31 birds were tagged during the study period.
All of the birds tagged were adults in spring but were first-
year birds in autumn. The mass of each tag was 2.0-3.4%
of the Whimbrel body mass [270-441 g; Electronic sup-
plementary material (ESM), Table S1]. The tagged birds
were placed in a cage for about 30 min and then released
if no abnormal behavior was observed.

In accordance with the electric power supply, tags were
programed to make one record at 1- to 3-h intervals. The
records included information on time, geographic coordi-
nates, instantaneous ground speed, and activity intensity.
Activity intensity is an index of physical movement fre-
quency of birds (Hunan Global Messenger 2018); a larger
value indicates greater activity intensity. The records were
downloaded from the data service platform provided by
the manufacturer. We included those records with posi-
tioning error < 10 m (84.7% of the total).

We searched for the tagged Whimbrels after release
according to their geographical position, and we moni-
tored their behavior for 2-3 days in the field. We found
no abnormal behavior among the tagged birds; the tagged
birds always remained with other Whimbrels in flocks of
about ten birds.

@ Springer

Habitat classification

During the study period, three satellite images (path/
row = 118/38) were downloaded from US Geological Sur-
vey (USGS) (http://glovis.usgs.gov/). To obtain high resolu-
tion (15 m) data, the multi-spectral data and panchromatic
data were sharpened using nearest neighbor diffusion after
clipping, radiometric calibration, geometric correction, and
atmospheric correction. Based on field surveys on habitat
types in the study area, we identified main habitat types
using supervised classification combined with artificial vis-
ual interpretation in ENVI 5.3 and Arcgis 10.3. The habitat
type of each fix was then obtained by overlapping with the
habitat layer in Arcgis 10.3. Tide height when the fix was
recorded was determined from local tide tables (National
Marine data and information service 2016, 2017).

Day and night division

The time of civil dawn and civil dusk each day was estimated
using the maptools package (Bivand and Lewin-Koh 2017)
in R (R Core Team 2016). Day (or daytime) was defined
as the period between the beginning of civil dawn and the
end of civil dusk, and night was defined as the period from
the end of civil dusk to the beginning of civil dawn on the
next day.

Data analysis

We collected data from tagged birds that stayed at CMDT
for at least 15 days (an entire tide cycle). To avoid the effects
of capture and tagging, we excluded data from the first day
after capture from the analysis. Because birds might have
different behavior and habitat use shortly before departure
(Zwarts 1990; Pomeroy et al. 2008), records on the last day
before departure were also excluded. In addition, if birds
were moving with an instantaneous ground speed > 5 km/h
when the fixes were recorded, these fixes were excluded from
the analysis. Habitat types with fewer than five fixes (indi-
cating only occasional use) were also excluded. Although
the inference and prediction ability of habitat-use models
could be affected by spatial autocorrelation, the minimum
time interval between two consecutive fixes was never <1 h,
which reduced the dependence of the fixes (Sanzenbacher
and Haig 2002).

Generalized linear mixed models (GLMM; family = Pois-
son, link =log) were used to compare the distance moved
per hour of birds in the two major habitat types (saltmarsh
and mudflat, see Results) and between day and night, with
individual and date as random variables. To understand the
difference in movement behavior of Whimbrels between day
and night and at various tide heights, the distance moved
and activity intensity per hour were calculated. The distance
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moved per hour was defined as the distance between the
two consecutive fixes recorded at a 1-h interval and was
calculated using the haversine formula (Sinnott 1984). The
effects of tide height and day/night on distance moved and
activity intensity were analyzed using GLMM with the Ime4
package (Bates et al. 2015). Tide height, day/night, and their
interaction were included as fixed effects, and habitat type,
individual, time of day, and season were included as random
effects.

The probability of habitat use by Whimbrels was esti-
mated using multinomial logistic regression models in the
nnet package (Venables and Ripley 2002). The models were
separately constructed for each season because different
individuals were tracked in different seasons. In each model,
habitat type was used as the dependent variable, and indi-
vidual, day/night, tide height, and their two-way interactions
were used as independent variables. The saltmarsh was used
as a reference for habitat-use comparison because all of the
individuals were recorded in the saltmarsh during the study
period. Similarly, the individual that used the most habitat
types in each season was used as a reference for comparison
of individuals (Agresti 2007). To identify the importance of
the candidate models, we constructed a null model involving
only the intercept.

The candidate models (ESM, Table S2) in each season
were selected using Akaike’s information criterion (AIC)
in the MuMIn package (Bartoi 2017). The model with the
lowest AIC was considered to have the best fit (Burnham
and Anderson 2002). In addition, models with AIC differ-
ence (Ai; the difference in AIC value between the best-fit
model and each of the other models) <2 were considered
to have substantial support (Burnham and Anderson 2002).
Akaike weight and evidence ratio were used to evaluate the

importance of each model (Burnham and Anderson 2002;
ESM, Table S2). The significance of the independent vari-
ables and of the regression coefficients in the best-fit model
was assessed by the Wald test (Agresti 2007). All statistical
analyses were conducted in R (R Core Team 2016). Results
are shown as mean + SD.

Results

A total of 13 tagged Whimbrels remained at the stopover site
for more than 15 days during the study period: four individu-
als in spring 2016, five in spring 2017, and four in autumn
2017 (Table 1). A total of 3020 high-resolution fixes were
used for analysis in the current study, including 1864 in the
day and 1156 at night. The mean number of recorded fixes
was 232+ 129 per bird (range 112-575; Table 1). During
the study period, the tagged Whimbrels were recorded at
five habitat types: mudflat, saltmarsh, restoration wetland,
farmland, and woodland.

Movements of Whimbrels

The distance moved per hour by the Whimbrels was sig-
nificantly longer in the daytime (median= 127 m, inter-
quartile range IQR =47 ~397 m, n=640) than at night
(median=82 m, IQR=19~530 m, n=372) (U-test,
U=133,470, P=0.001). The distance moved was signifi-
cantly affected by tide height (;(2 =94,523,df=1, P<0.001)
and the interaction of tide height and diel (;(2= 11,582,
df=1, P<0.001) (ESM, Table S3). The distance moved
per hour increased with tide height, and the increase was
much greater at night than in the daytime (ESM, Fig. S1a).

TabI(:: 1 Numbers of fixes ID Tracking days Saltmarsh Mudflat ~ Farmland  Restoration Woodland  Total

obtained for the 13 tagged wetland

Whimbrels at Chongming

Dongtan according to habitat 1651 40 12/90 14/107 295/36 0/0 21/0 342/233

type and diel (day/night 162 18 100/45 246 3312 0/0 0/0 155/103
1683 18 100/57 17/14 0/0 0/0 5/0 122/71
1654 24 120/38 0/34 0/0 0/0 0/0 120/72
1781 23 69/17 5/27 0/0 0/0 0/0 74/44
1782 28 62/19 5/29 0/0 0/0 0/0 67/48
1783 55 107/33 33/92 0/0 85/0 0/0 225/125
1784 15 50/20 20/22 0/0 0/0 0/0 70/42
1785 39 60/26 73/59 0/0 0/0 0/0 133/85
17A1 21 65/7 5/29 0/0 0/15 0/0 70/51
17A2 33 116/20 11/45 0/0 0/0 0/0 127/65
17A3 35 137125 23/57 0/0 1/9 0/0 161/91
17A4 30 179/5 18/75 0/0 1/46 0/0 198/126
Mean  29.2 91/31 19/49 25/4 715 2/0 143/89
SD 112 43/23 19/28 82/10 24/13 6/0 78/52
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There was no significant difference in the maximum dis-
tance moved per hour between daytime (median=1184 m,
IQR =381 ~4499 m, n=64) and night (median= 1481 m,
IQR =380~3283 m, n=59) (U test, U=1875, P=0.95).

The activity intensity of Whimbrels in the daytime
(median=212, IQR =5~ 818, n=640) was greater than
that at night (median=179, IQR=12~ 1260, n=372) (ESM,
Table S3). Moreover, the activity intensity of Whimbrels
did not significantly change with tide height in the daytime
(B+se=0.156+0.215, r=0.725, P=0.469) but significantly
increased with tide height at night (f +se=0.366 +0.096,
t=3.823, P<0.001) (ESM, Fig. S1b).

Habitat type (y*=5065, df=1, P<0.001) and the inter-
action between habitat type and diel (;(zz 10,197, df=1,
P <0.001) significantly affected the distance moved per hour
by the Whimbrels. The distance moved per hour on mudflat
was significant longer (median=279 m, [QR =74~ 882 m,
n=34) than that on saltmarsh (median=117 m,
IQR=51~250 m, n=285) in the daytime, while there
was no significant difference in distance moved on mudflat
(median=67 m, IQR =24 ~202 m, n=177) and on salt-
marsh (median=83 m, IQR =23 ~568 m, n=96) at night
(ESM, Fig. S2).

Habitat use by the Whimbrels

In spring 2016, most of the Whimbrel locations were
recorded in the saltmarsh (59 + 15%), followed by the mud-
flat (20 +2%), farmland (19 + 14%), and woodland (2 + 1%);
no tagged Whimbrel was recorded in the restoration wetland.
Habitat use was similar in spring and autumn of 2017: salt-
marsh was the major habitat type (58 £6% in spring and
63 +3% in autumn), followed by mudflat (38 +£5% in spring
and 29 + 1% in autumn) and restoration wetland (4 +4% in

Fig.2 Habitat use (mean+SD)
by tagged Whimbrels in three
seasons at CMDT

751

501

Habitat use (% + SD)

spring and 8 +3% in autumn). No tagged bird was recorded
in the farmland or woodland in the two seasons of 2017
(Fig. 2).

Factors affecting habitat use by Whimbrels

Individual, day/night, tide height, and the interaction
between individual and day/night, and between tide height
and day/night significantly affected habitat use by the Whim-
brels in all three seasons (Table 2).

Table2 Wald tests for multinomial logistic regression models
describing the effects of the independent variables on habitat use by
tagged Whimbrels

Season and year  Independent variables  y° daf P
Spring 2016 Bird ID 706.58 9  <0.001
Diel 44088 3 <0.001
Tide height 128.47 3 <0.001
Bird ID x Diel 96.60 9  <0.001
Tide height x Diel 1896 3  <0.001
Spring 2017 Bird ID 25122 8  <0.001
Diel 273.17 2 <0.001
Tide height 85.18 2 <0.001
Bird ID x Diel 28.00 8 <0.001
Tide height X Diel 11.87 2 0.003
Autumn 2017 Bird ID 5799 6 <0.001
Diel 529.65 2 <0.001
Tide height 127.69 2 <0.001
Bird ID x Diel 2225 6 0.001
Tide height x Diel 1129 2 0.004

The indicated combination of independent variables provided the best
fit in the indicated season

[ saltmarsh [[] Mudflat [l Farmland [Jll] Restoration wetland [y Woodland

- =

Spring 2016
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Individual differences in habitat use

Individuals significantly differed in habitat use in each sea-
son (ESM, Table S4, Fig. S3). Although the saltmarsh and
mudflat were intensively used by all of the tagged birds, the
use of the following habitats in the indicated seasons signifi-
cantly differed among individuals: saltmarsh (spring 2016,
r*=14.81,df=3, P=0.002; spring 2017, y*=32.17, df=4,
P <0.001; autumn 2017, y*=50.91, df=3, P<0.001);
and mudflat (spring 2016, ;{2= 82.72, df=3, P<0.001;
spring 2017, y*=141.75, df=4, P <0.001; autumn 2017,
;{2 =35.25,df=3, P<0.001). In spring 2016, two of the four
tagged Whimbrels were recorded in the farmland and two
in the woodland. The bill lengths of the two birds recorded
in the farmland were shorter than those of the two birds that
were not recorded in the farmland (ESM, Table S1, Fig.
S3). In 2017, one of the five tagged Whimbrels used the
restoration wetland in spring, and three of the four tagged
Whimbrels used the restoration wetland in autumn. Individ-
ual difference in habitat use was not affected by tidal height
but was related to day/night (ESM, Fig. S3, S4).

Difference in habitat use between day and night

There was a significant difference in habitat use between
day and night (Table 2, ESM, Table S5). The probability of
saltmarsh use was generally higher in the day than at night,
while the probability of mudflat use was generally higher
at night than in the day. In spring 2016, the probability of

farmland and woodland use was significantly higher in the
day than at night. In 2017, restoration wetland was only used
during the day in spring but was mainly used at night in
autumn (ESM, Table S5).

Effect of tide height on habitat use

Tide height significantly affected the use of the saltmarsh
and mudflat. As tidal height increased, the probability of
saltmarsh use increased, but the probability of mudfiat use
decreased (Fig. 3, ESM, Table S5). The effect of tidal height
on habitat use was related to day/night. Birds were more
likely to use the mudflat at night than in the day during low
tide, and more likely to use the saltmarsh during the day than
at night during low tide (Fig. 3, ESM, Table S5). Moreo-
ver, the probability of saltmarsh and mudflat use was more
strongly affected by tide height during the night than during
the day (Fig. 3, ESM, Table S5). Use of the farmland, wood-
land, and restoration wetland was less affected than use of
the saltmarsh and mudflat by tide height.

Discussion

The results of our study indicate that saltmarsh and mud-
flat are the major habitat types for migrating Whimbrels at
CMDT. This finding may be explained by the distribution
of crabs, which are the dominant macrobenthos in the salt-
marsh and mudflat at CMDT (Zhu et al. 2007), and the major

Fig.3 Effect of tide height on —— Saltmarsh Mudflat = Farmland — Restoration wetland — Woodland
habitat use in the daytime and =
at night by Whimbrels in spring Day Night
2016 and spring and autumn 1.001
2017 J g
0.75 g
0.501 2 et =
\ [
0.25 =
]
2 0.00-
5 1.001
E 0.751 ) -g
S 0.50 w
£ S
= 0.251 =
<
-g 0.00+
& 1.001 =
- >
0.751 =
£
0.501 E
9
0.251 S
) [
0.001_= - E : — . . .
100 200 300 400 100 200 300 400
Tide height (cm)
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food for Whimbrels (Zwarts 1990; Turpie and Hockey 1993;
Massey et al. 2016). The intensive use of saltmarshes and
mudflats by Whimbrels has been reported at other stopover
and non-breeding sites such as in Bulgaria (Uhlig 1990) and
the US (Watts and Truitt 2011). We found that Whimbrels
also used other habitat types, including farmland, woodland,
and restoration wetland at CMDT, and that habitat use was
affected by day/night and tide height. Moreover, Whimbrels
exhibited seasonal differences in habitat use at CMDT. To
our knowledge, the current report is the first to use high-
resolution bio-tracking technology to document individual
differences in habitat use by shorebirds. Our results suggest
that individual-based tracking can provide detailed informa-
tion for studies of habitat ecology.

Seasonal difference in habitat use

The results revealed seasonal differences in habitat use by
Whimbrels at CMDT, with the main differences being in the
use of the farmland, woodland, and restoration wetland. On
the one hand, this might be related to seasonal differences
in habitat conditions. The spring stopover period matches
the cropping season of the farmland at CMDT. When the
farmland is ploughed, some soil animals are exposed at the
surface; this facilitated Whimbrel foraging in spring 2016.
In spring 2017, however, the cropping season was postponed
because of seawater encroachment (Mao 2017). As a result,
the farmland was not ploughed during the stopover and
therefore was unsuitable for foraging by Whimbrels. This
appears to explain why some Whimbrels were frequently
recorded in the farmland in spring 2016 but not in spring
2017. Moreover, the farmland in autumn is covered with
dense crops and thus cannot be used by the Whimbrels. On
the other hand, all of the tracked individuals were adults
in spring but were first-year birds in autumn, and previous
research has shown that age differences can also affect habi-
tat use between seasons (Cody 1985; Van den Hout et al.
2017). Tracking the movements of the same adults in both
spring and autumn should help clarify their seasonal differ-
ence in habitat use.

At CMDT, the restoration wetland near the intertidal
area was still under construction in spring 2016. With its
intensive human disturbance, the restoration wetland was
an unsuitable habitat for the Whimbrels. After the con-
struction was completed in early 2017, a large area of bare
land and shallow water area provided foraging and roosting
habitat for the Whimbrels. Apparently, as a consequence,
some tagged Whimbrels were recorded in the restoration
wetland after construction, especially during spring high tide
in 2017 when the saltmarsh and mudflat were submerged by
the tidewater. Tagged Whimbrels were also recorded in the
restoration wetland in autumn 2017 after construction had

@ Springer

been completed. This suggests that restoration wetland can
provide an alternative habitat for Whimbrels.

Individual differences in habitat use

We found that individual Whimbrels exhibited clear differ-
ences in habitat use. This could be related to differences
in gender or age (Catry et al. 2012; Van den Hout et al.
2017), character (Holtmann et al. 2017; Spiegel et al. 2017),
behavioral plasticity (Tuomainen and Candolin 2011), and
life experience (Gibelli and Dubois 2017). Habitat use can
also differ among individuals because of differences in
morphological characteristics, and especially because of
differences in foraging organs (Block and Brennan 1993;
Catry et al. 2012; Duijns et al. 2015). In spring 2016, the
two tagged individuals that were not recorded in the farm-
land had longer bills than the two birds that were recorded
there (ESM, Table S1). This might be because a long bill is
advantageous for digging out deep-dwelling food in inter-
tidal areas, while a short bill is advantageous for picking
out surface-dwelling food on farmland. Further study on
the food composition of birds in different habitats will help
clarify the linkage between bill length and habitat use.

Difference in habitat use between day and night

Although the Whimbrel is a visual forager, it can still for-
age at night at non-breeding grounds (Turpie and Hockey
1993; McNeil and Rompre 2010). The tracking results indi-
cated that the tagged Whimbrels moved frequently at night
on intertidal habitat during low tide, suggesting that they
were likely foraging at night. Foraging behavior at night has
been reported in many shorebird species (Turpie and Hockey
1993; McCurdy et al. 1997; Santiago-Quesada et al. 2014).
For migratory birds, nocturnal foraging can accelerate their
fuel deposition during a stopover, which increases the prob-
ability of their successful migration and on-time arrival at
the migratory destination; rapid fuel deposition at a stopover
site is important because birds often face severe time con-
straints during migration (McCurdy et al. 1997; Santiago-
Quesada et al. 2014).

The activity of Whimbrels was lower during the night
than during the day, indicating that birds spend more time
remaining still in the night than in the day. This is consist-
ent with a study of Whimbrels at the non-breeding site at
the Zwartkops Estuary Wetland in South Africa, where the
frequencies of feeding and walking were found to be lower
during the night than day (Turpie and Hockey 1993). In the
current study, however, the maximum distance that tagged
Whimbrels moved was similar between day and night. This
could be related to the effect of the tide. On the intertidal
area, birds generally remained in the saltmarsh during the
day but stayed on the mudflat when the tide height was low
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at night (Fig. 3). When the mudflat was submerged by tide-
water in the daytime or at night, however, the birds remained
in the saltmarsh rather than move to the mudflat. The change
of habitat from mudflat to saltmarsh at night increased the
distance moved at night. This would also explain why the
effect of tide was weaker on bird activity during the daytime
than at night.

Information on habitat use at night is important for under-
standing the habitat requirements of birds (Gillings et al.
2005). Detecting birds at night using traditional methods
is difficult but is now quite feasible with the development
of bio-tracking equipment. We found a significant differ-
ence in habitat use by Whimbrels between day and night
at CMDT, which is consistent with the finding for Whim-
brels at a non-breeding ground in South Africa (Turpie and
Hockey 1993) and for other shorebirds (Sitters et al. 2001;
Burton and Armitage 2005). At CMDT, Whimbrels mainly
used the saltmarsh during the day but the mudfiat at night.
Moreover, although only two tagged birds were recorded
in farmland in spring 2016, we found that both stayed with
other Whimbrels in flocks of about ten birds in the daytime
(Z.]. Ma, field observation), suggesting that the use of farm-
land is not uncommon for Whimbrels. As noted earlier, this
could be related to the macrobenthos on the tideland and to
the soil animals in the farmland because the availability of
both these important foods for Whimbrels follow diurnal
rhythms. Crabs, for example, are the dominant macroben-
thos in the saltmarsh and the major food for Whimbrels, and
are more available in the day than at night (McNeil et al.
1995; Esser et al. 2008). Similarly, the ploughing of farm-
land, which almost always occurs in the daytime, brings soil
animals to the soil surface. Thus, the saltmarsh and farmland
provide good foraging habitat for Whimbrels in the daytime.
Because it supports few predators and provides a wide field
of vision, the mudflat is a relatively safe habitat at night. In
heavily vegetated habitats, in contrast, it is difficult to detect
nocturnal predators such as weasels (Mustela sibirica) and
feral dogs. The difference in Whimbrel habitat use between
day and night suggests a trade-off between feeding oppor-
tunity and predation risk (Sitters et al. 2001; Burton and
Armitage 2005; Beauchamp 2007).

Effect of tide on habitat use

For waders foraging on coasts, tide obviously affects habi-
tat availability (Fonseca et al. 2017) and food availability
(McConkey and Bell 2005; Esser et al. 2008). At CMDT, the
farmland, woodland, and restoration wetland were inside the
seawall and thus were free of tidal influence; the saltmarsh
and mudflat, however, were periodically submerged by tide-
water. Therefore, the use of the mudflat and saltmarsh by
Whimbrels was strongly influenced by tide height. In addi-
tion, because Whimbrels are more likely to remain on the

mudflat at night, they were more affected by the tide during
the night than during the day.

Conclusion

Habitat use by migrating birds has been well studied at the
population level. Because of the difficulties in identifying
and tracking individuals over a long period, however, it has
been traditionally difficult to assess differences in habitat
use among individuals within a population. This problem
has been largely solved by the recent development of bio-
tracking technology, which has been increasingly applied
to the study of animal movement, especially long-distance
migration. The results of the current study suggest that indi-
vidual-based bio-tracking with a high accuracy of position-
ing can provide detailed data concerning the habitat use by
individual birds during both the day and the night. This new
technology will greatly improve our understanding of habitat
use by birds and other animals.

The current results indicate that habitat use varies among
individuals and that it can be affected by tide and day vs.
night. These results highlight the importance of diverse
habitat types for bird conservation. Further studies on the
differences in physiology, morphology, behavior, and devel-
opment among individuals could help clarify the causes of
individual differences in habitat use. Long-term tracking of
individuals will also increase our understanding of the fit-
ness consequences of differences in habitat use.
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