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Abstract
Background: Migrants have been hypothesised to use different migration strategies between seasons: a time-minimization
strategy during their pre-breeding migration towards the breeding grounds and an energy-minimization strategy during
their post-breeding migration towards the wintering grounds. Besides season, we propose body size as a key factor in
shaping migratory behaviour. Specifically, given that body size is expected to correlate negatively with maximum migration
speed and that large birds tend to use more time to complete their annual life-history events (such as moult, breeding and
migration), we hypothesise that large-sized species are time stressed all year round. Consequently, large birds are not only
likely to adopt a time-minimization strategy during pre-breeding migration, but also during post-breeding migration, to
guarantee a timely arrival at both the non-breeding (i.e. wintering) and breeding grounds.
Methods: We tested this idea using individual tracks across six long-distance migratory shorebird species (family
Scolopacidae) along the East Asian-Australasian Flyway varying in size from 50 g to 750 g lean body mass. Migration
performance was compared between pre- and post-breeding migration using four quantifiable migratory behaviours that
serve to distinguish between a time- and energy-minimization strategy, including migration speed, number of staging sites,
total migration distance and step length from one site to the next.
Results: During pre- and post-breeding migration, the shorebirds generally covered similar distances, but they tended to
migrate faster, used fewer staging sites, and tended to use longer step lengths during pre-breeding migration. These seasonal
differences are consistent with the prediction that a time-minimization strategy is used during pre-breeding migration,
whereas an energy-minimization strategy is used during post-breeding migration. However, there was also a tendency for the
seasonal difference in migration speed to progressively disappear with an increase in body size, supporting our hypothesis
that larger species tend to use time-minimization strategies during both pre- and post-breeding migration.
Conclusions: Our study highlights that body size plays an important role in shaping migratory behaviour. Larger migratory
bird species are potentially time constrained during not only the pre- but also the post-breeding migration. Conservation of
their habitats during both seasons may thus be crucial for averting further population declines.
Keywords: Optimal migration theory, Migration strategy, Time-minimization, Energy-minimization, Light-level geolocator,
Migration speed, Body size
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Background
Long-distance migration has evolved independently in
multiple taxa enabling animals to exploit spatially and temporally discrete peaks in resources [1], ultimately allowing
increased reproductive output and survival [2]. However,
migration is risky and energetically costly, and selection for
optimal migratory strategies is paramount to ensure the
benefits of migration outweigh the risks [3]. These considerations have led to the formulation of optimal migration
theory and notably the time- and energy-minimization
hypotheses [3]. The time-minimization hypothesis assumes
that animals migrate at their maximum speed and thus
complete their migration as fast as possible given constraints on flying speed and fuel deposition rate. The
energy-minimization hypothesis assumes that migrants use
the minimum amount of energy by either minimizing
energy cost of transport per unit distance or by minimizing
total energy cost of migration [4]. We refer to these as
energy-minimization strategy without differentiating
between the two. Accordingly, both the time and energy
minimization hypotheses yield considerably different
predictions for how migratory birds move in space and
time during their annual migrations.
Optimal migration theory suggests that animals may
adopt a time- or energy-minimization strategy depending
on the season of migration [3, 5]. Time-minimization is
commonly thought to play a major role during prebreeding migration from the non-breeding (i.e. wintering)
grounds to the breeding grounds [4], where a timely arrival
provides a competitive advantage [6, 7] and guarantees optimal use of seasonally available local resources [8, 9], benefiting reproductive performance [10, 11]. Conversely, postbreeding migration is expected to be less time constrained
[12], because it is generally assumed that a timely arrival at
the wintering grounds has fewer fitness consequences [13].
Migrants are therefore expected to use an energyminimization strategy during post-breeding migration [4].
Individuals employing a time- or an energy-minimization
strategy are expected to differ in a range of quantifiable migratory behaviours [3, 4, 14, 15] (Table 1). Time-minimizers
should take less time to complete their migration and
therefore fly and migrate faster (i.e. minimize time spent in
both flight and in preparing for migration) than energyminimizers. In contrast, energy-minimizers are not constrained by time but limit energy use and therewith also
Table 1 Expectation for the four migratory behaviours when
migrants adopt a time- versus energy-minimization strategy
Time-minimization

Energy-minimization

(i) Migration speed

high

low

(ii) Number of staging sites

few

many

(iii) Total migration distance

long or similar

short or similar

(iv) Maximum step length

long

short

require reduced foraging effort to deposit fuel and reduced
fuel loads (e.g. [16]). Moreover, they may be more inclined
to wait for favourable migration conditions to further
reduce energy costs [17]. Habitat quality varies across sites
and seasons, time-minimizers are proposed to be more
selective in their habitat use, choosing high quality habitats
allowing higher fuel deposition rates and shortened staging
periods, ultimately promoting a faster migration [18].
Time-minimizers may thus bypass low quality sites and
only stop at high quality sites. Energy-minimizers, on the
other hand, should stop more regularly and deposit less fuel
to avoid high fuel loads that are costly to carry and fly with
[15]. Thus, time-minimizers are expected to take fewer and
on average longer steps in completing their migration than
energy-minimizers. Finally, time-minimizers might take
longer routes than energy-minimizers, making detours via
higher quality sites away from the direct migration route to
speed up overall migration, even when this comes at higher
flight costs [15, 19, 20]; obviously, time-minimizers do not
have to migrate extra distance if quality sites are located
along the direct migration route. Thus, we expect a similar
or longer migration distance in time- compared to
energy-minimizers.
To test the hypothesis that migrants adopt a timeminimization strategy during pre-breeding and an
energy-minimization strategy during post-breeding
migration, Nilsson C, et al. [21] reviewed studies and investigated multiple behaviours between seasons. They
found supportive evidence, with faster average migration
speeds, higher flying speeds and shorter migration durations during pre- compared to post-breeding migration.
However, a number of studies in this review, together
with other case studies (e.g. [22–24]), failed to detect a
seasonal difference, or found even higher migration
speeds during post-breeding migration [25, 26]. A range
of explanations for these deviations from theory have
been proposed. For example, Raess M [22] largely attributed this to the harsh environment, i.e. low temperature
and poor vegetation availability that Siberian Stonechats
(Saxicola torquata maura) encountered during their
pre-breeding migration, delaying their arrival and lowering their average speed of migration. In another example
involving Bewick’s Swan (Cygnus columbianus bewickii),
Nuijten RJM, et al. [25], attributed the faster postbreeding than pre-breeding migration to either swans’
tendency to avoid being trapped by ice later in the season or swans potentially being capital breeders spending
extra time depositing energy stores during their prebreeding migration. Importantly, these studies do not
consider the role of body size—which places physical
constraints on flying speed [27–29], fuel deposition [30,
31], migration speed [32–34], migration distance [35, 36]
and other life-history traits [33]—in determining the
extent to which migrants adopt a time- or energy-
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minimization strategy, and how this may differ between
pre- and post-breeding migrations.
Body size is an important determinant of the energy costs
and speed at which life processes take place [37, 38]. The
major life history events, i.e. breeding, moult and migration,
generally take more time in large compared to small bird
species [33] and it has consequently been argued that large
migrants are potentially more time constrained than small
birds [39]. Accordingly, large migratory birds may not only
be time constrained during pre-breeding, but also during
post-breeding migration. For instance, large-sized migrants
may need to arrive at the wintering grounds sooner so that
they can start moulting sooner and thus complete their
moulting before the onset of the premigratory stage. If this
is the case for relatively large migrants, then it may be expected that their migratory behaviours may not differ significantly between pre-breeding and post-breeding migrations.
In this study, we tested two hypotheses. First, we tested
the hypothesis that birds minimize time use on their prebreeding migration, while they minimize energy use on
post-breeding migration. We accordingly expect that prebreeding migrations are associated with 1) faster migration speed 2) smaller number of staging sites 3) potentially
longer migration distance and 4) longer step length. We
should bear in mind that these are largely non-distinctive
characteristics of a time-minimization strategy. For
instance, a faster pre-breeding migration speed could also
be caused by more favourable environmental conditions
for migration rather than higher time constraints during
the pre- compared to post-breeding period (e.g. longer
days for foraging, higher food availability, more prevailing
tailwind). Nevertheless, examining these four migration
variables in concert, should provide us with a good proxy
of the migration strategies employed during both migration seasons. Next, we tested whether any seasonal difference in migratory behaviour decreases with body size.
To this end, we used detailed individual tracks obtained
from light-level geolocation (‘geolocators’). To reduce the
potential interference from phylogeny and ecology, we limited
our study to six species of closely related (family Scolopacidae
within the order Charadriiformes), long-distance (8000–
13,000 km) migratory shorebirds using a single flyway (East
Asian-Australasian Flyway, hereafter EAAF) across a large
size range (50–750 g in lean body mass).

Methods
We obtained complete, individual tracking data from six
shorebird species: Sanderling (Calidris alba), Ruddy
Turnstone (Arenaria interpres) (hereafter Turnstone),
Grey-tailed Tattler (Tringa brevipes) (Tattler), Red Knot
(Calidris canutus), Great Knot (Calidris tenuirostris),
and Far-eastern Curlew (Numenius madagascariensis)
(Curlew). All species migrate between their wintering
grounds in Australia and New Zealand, and their
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breeding grounds in northeast China and Siberia. Individual tracking data were either not published or were
extracted from publications, detailed information on
species and tracking data compilation can be found in
Table 2. For each individual, data for pre- and postbreeding migration was collected from successive seasons, mostly in the same year. But individuals within or
across species were tracked across years between 2009
and 2014 (Table 2). Method of geolocator data processing, from light-level to estimation of spatial-temporal
data, followed Lisovski S, et al. [40] for Sanderling,
Turnstone and Great Knot. BASTrack software was used
to process data for other species, with further details
and the methods used being provided in the respective
publications (Table 2).
For body size we used lean body mass (g), i.e. body mass
of a bird without any migratory fuel, obtained from the
literature or, if unavailable, estimated as the median body
mass of individuals captured during November–December
in Australia (unpublished data, Victorian Wader Study
Group and Australasian Wader Studies Group) and multiplying this by 0.94 following [41].
Four migration variables depicting aspects of the migratory itineraries were extracted from the tracks for
each individual tracked for both pre-breeding and postbreeding migration separately, namely (i) migration
speed, (ii) number of staging sites, (iii) total migration
distance, and (iv) maximum step length. Migration speed
(i) was calculated by dividing the total migration distance by the total migration duration. As migratory birds
at the start of their migration (i.e. wintering grounds
prior to pre-breeding migration and breeding grounds
prior to post-breeding migration) commence fuelling before departure on their first migratory leg, this “premigratory” staging period should be taken as part of
migration [3]. This premigratory staging period, however, was impossible to ascertain from the tracking data.
To ensure that any pattern we might detect in migration
speed with size was not caused by our subjective selection of methods, we endeavoured to use two methods to
calculate migration speed, naming them as traditional
migration speed and partial migration speed. In brief,
traditional migration speed was calculated by dividing
total migration distance by total migration duration. We
defined total migration duration as the days elapsed
from the date on which the birds left their wintering/
breeding grounds to the date on which the birds arrived
on their breeding/wintering grounds. Partial migration
speed was the migration speed excluding the first migratory leg, and was calculated by dividing migration distance between the first staging site and the wintering/
breeding location by the time elapsed from the date of
arrival at the first staging site and the date of arrival at
the wintering/breeding grounds. Although partial
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Table 2 Details of the six EAAF migratory sandpipers that were tracked using geolocators
Species

Lean body mass
(g)a

Wintering site

Breeding grounds

n

Sanderling Calidris alba

50b

South Australia

Arctic Russia

12c 2012

Ruddy Turnstone
Arenaria interpres

93b

Tasmania, Victoria, South
Australia

Arctic Russia

60d 2009–
2014

Grey-tailed Tattler
Tringa brevipes

108e

Queensland

Russia’s far east

3f

2011

Red Knot Calidris canutus

113g

New Zealand

Arctic Russia

2h

2011–
2012

Great Knot
Calidris tenuirostris

135b

North Western Australia

Arctic Russia

7i

2013

Victoria

sub-Arctic between northeast China and
Russia

9j

2011–
2012

Far Eastern Curlew
743b
Numenius madagascariensis

Year

a

lean body mass obtained from the literature or bcalculated as the median body mass of individuals captured during November–December on their wintering
grounds in Australia (unpubl. Data Victorian Wader Study Group and Australasian Wader Studies Group) and multiplied by 0.94 [41]. cTracks were extracted from
Lisovski S, et al. [40]. dUnpubl. tracks from Victorian Wader Study Group, Australia. eTracks were extracted from Johnsgard PA [76]. fUnpubl. tracks from
Queensland Wader Study Group, Australia. gTracks were extracted from Battley PF [77]. hTracks were extracted from Tomkovich PS, et al. [78]. iTracks were
extracted from Lisovski S, et al. [68]. jUnpubl. tracks from Victorian Wader Study Group, Australia, and extracted tracks from Minton C and Gosbell K [79]

migration is probably the less biased estimate of an individual’s migration speed, we consider that collectively
the two estimates provide a better insight in migration
speed variations among the focal species.
We defined “true” staging sites as sites where birds
stopped for a duration of at least 4 days (see [42] for definition of staging and stopover site) and the number of
staging sites (ii) was calculated accordingly. A migratory
leg is considered to be the journey connecting the subsequent “true” staging, wintering or breeding site. Step
length (iv) was the distance travelled in one migratory
leg via a great circle route. Due to the limited resolution
in geographic position using geolocators, the step length
estimation for some short steps may be associated with
high errors. To avoid this problem, we used the maximum step length during each migration to represent
step length. Maximum step length rather than mean or
median step length was also considered for other
reasons. During pre-breeding migration, a few shorebird
species fly non-stop for over 5000 km from Australia
and New Zealand to the East Asian coast [43, 44],
bypassing potential stopover sites on the Pacific Islands.
Thereafter, they move along the East Asian coast with small
steps before flying to their breeding grounds (Far Eastern
Curlew as an exception). Given the high food availability
across the area [43], time-minimizers are likely to stop frequently to fuel up at all possible stopover sites in East Asia,
and avoid to carry and fly with high fuel loads [15], thus behaving similarly to energy-minimizers. This contrasts with
scenarios where high quality sites are only sparsely distributed and time-minimizers have to deposit high fuel loads to
make it between high quality sites [15]. To distinguish
between time- and energy-minimization, maximum step
length compared to the average or median step length
therefore serves as a better proxy. A longer maximum step
would be observed if migrants fly non-stop between

Australia/New Zealand and East Asia, as opposed to
stopping in the tropical islands in between. Total migration
distance (iii) was the sum of each step length
(Additional file 1: Table S1 in provides data of seasonal
difference, i.e. pre- minus post-breeding migration, for all
four investigated migration variables for each individual).
Statistical analysis

To compare the seasonal difference between pre- and
post-breeding migration for each of the migration
variables (including two estimates of migration speed,
number of staging site, total migration distance and
maximum step length), we used two-tailed paired t-tests
for Turnstone and, because of non-normality of the data,
Wilcoxon signed rank test for Sanderling, Great Knot
and Curlew. For Tattler and Red Knot where sample size
was too small (2 and 3 respectively), seasonal difference
was described but no statistical test was applied. To
further examine if a seasonal difference existed across
species, analysis of variance (ANOVA) was used. Before
performing ANOVA, we firstly checked homogeneity of
variances across species using Bartlett test. One-way
ANOVA was used if homogeneity of variances held true,
otherwise Welch’s ANOVA was used to account for heterogeneity; both types of ANOVA were followed by a
post-hoc pairwise multiple comparison test. Considering
the unequal sample size and heterogeneity in most cases,
we performed Games-Howell post-hoc tests using the ‘posthocTGH’ function in the R-package ‘userfriendlyscience’.
To examine if the between-species difference in a
migration variable varied in a size related manner, we
compared three linear model structures. All three linear
models included the seasonal difference as the response
variable and size as a covariate, but with different explanatory structures: 1) general linear model, including
size as the only fixed variable; 2) general linear mixed
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model, besides including size as the only fixed variable,
fitting species as a random factor; and 3) general linear
mixed model, besides including size as the only fixed
variable and fitting species as a random factor, also
accounting for potential heterogeneity of variances
between species. The three models were compared and
the one with the lowest Akaike information criterion
was selected as the final model structure. Using the final
structure, we compared models with and without size as
a covariate and displayed the ΔAIC between the two.
This procedure was repeated for each migration variable
for which ANOVA/Welch’s ANOVA revealed a
between-species difference. We used the 10-log of lean
body mass to normalise the body size data. We conducted the linear mixed models using the ‘lme’ function
in R-package ‘nlme’. Accounting for heterogeneity of
variances was done by specifying there is heterogeneity
between species using the ‘varIdent’ function [45].
Although we limited our studied species to six closely
related species within a single family to largely avoid potential phylogeny interference, phylogenetic differences
still exist. To examine the potential interference of phylogeny, we used a phylogenetic mixed model to examine
the effect of size on all migration variables that showed
a between species difference. To this end, we used a
Bayesian approach, applying the ‘MCMCglmm’ function
within the R-package ‘MCMCglmm’. Data were transformed prior to analyses as outlined above for linear
models. We defined the data distribution as Gaussian
for all migration variables. We used a phylogenetic tree
based on data provided in Thomas GH, et al. [46]. All
analyses were conducted using R version 3.2.3 [47].
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between pre- and post-breeding migration speeds
resulted in a significant decline in the difference in partial
migration speed between the two seasons with size (Fig.
2iB and Additional file 2: Fig. S1), supporting our prediction. This was revealed by both the model correcting for
phylogeny (slope = −143, p = 0.020) and the model without
correcting for phylogeny (slope = −135, t89 = −5.22,
p < 0.001), with AIC being much lower for the model with
than without size as a covariate (Table 4). Although
seasonal difference in traditional migration speed showed a
very weak tendency in the same direction, this was far from
significant (traditional speed correcting for phylogeny:
slope = −96, p = 0.220; not correcting for phylogeny:
slope = −44, t6,93 = −0.79, p = 0.470), despite the inclusion of
size leading to a considerably better fitting model (Table 4).
Number of staging sites

All species made either fewer or a similar number of stops
during pre- compared to post-breeding migration. Although weak in support only, this observation is consistent
with the prediction that migrants minimize time use when
migrating towards their breeding grounds (Fig. 1ii). Tattler,
Red Knot (Fig. 2ii), Great Knot and Curlew (Table 3 and
Fig. 2ii) used a similar number of staging sites during prebreeding and post-breeding migration. The two small species, i.e. Sanderling and Turnstone, used more staging sites
(Table 3 and Fig. 2ii) during post-breeding migration. This
seasonal difference was more pronounced in Sanderling
(on average two more sites during post-breeding migration)
compared to Turnstone (one more site). The seasonal difference in number of staging sites did not systematically
vary with size, AIC value being similar between models
including and not including size as a covariate (Table 4).

Results
Migration speed

Total migration distance

For both partial and traditional migration speed most
species migrated at similar or faster speed during precompared to post-breeding migration (Fig. 1), supporting the hypothesis that migrants generally are timeminimizers during pre-breeding migration. The faster
pre- compared to post-breeding migration speed was
significant and most pronounced in the smallest sized
species, Sanderling and Turnstone (Table 3; Fig. 2iA, iB).
No (apparent) differences between seasons were
detected in the three medium-sized species Great Knot
(Table 3, Fig. 2ib, iB) and Tattler and Red Knot (no
statistical tests applied due to small sample size; Fig. 2iA,
iB). The seasonal difference was also significant in the
largest sized species, Curlew, but the direction of the
seasonal difference was opposing with a faster prebreeding traditional migration speed (pre-breeding
minus post-breeding: 96 km /d, Fig. 2iA) and a slower
pre-breeding partial migration speed (−87 km/d, Fig.
2iB). Collectively, the species-specific differences

For the four species that were statistically tested, Sanderling
and Curlew covered a similar total distance during postbreeding migration compared to pre-breeding migration
(Table 3, Fig. 1iii). The other two species Turnstone and
Great Knot covered slightly longer distances during postcompared to pre-breeding migration). However, the seasonal
difference was minimal (100 km and 300 km respectively),
falling within the 200–400 km error range for geolocator
data. Although untested, seasonal difference in total migration distance for Red knot was also small (380 km) and
within the error range of geolocator data. Tattler was the
only species taking a shorter post-breeding route by
1000 km (Fig. 2iii). The overall similar or longer migration
distance during pre- compared to post-breeding migration
is in line with our expectation that migrants minimize time
use and potentially choose a longer but faster route when
migrating to the breeding grounds. The seasonal difference
in total migration distance failed to show a size dependent
pattern, despite that the model including size as a covariate
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Fig. 1 Four migratory variables for pre- and post-breeding migration in six EAAF migratory sandpipers. (iA) traditional migration speed (km/d) calculated
as the total migration distance divided by total migration duration; (iB) partial migration speed (km/d), dividing migration distance between the first
staging site and the wintering/breeding grounds by the total duration from arrival at the first staging site until arrival at the breeding/wintering grounds;
(ii) number of staging sites; (iii) total migration distance (km); (iv) the maximum step length (km). Species along the X-axes are ranked in order of
increasing lean body mass. The thick line within each box and whisker plot represents the median, and the lower and upper box border represents the
first and the third quartile, respectively. Whiskers denote the lower and upper 95% confidence interval. Dots outside the whiskers are outliners above or
below the 95% confidence interval. Because of low samples size in Tattler and Red Knot (i.e. three and two data points, respectively) individual data
points and medians are presented for these species

Table 3 Results of seasonal difference between pre- and post-breeding migration in four EAAF migratory sandpipers
Sanderling

Turnstone

Great Knot

Curlew

12

60

7

9

Traditional

V = 78 (p = 0.000)

t59 = 12.2 (p = 0.00)

V = 17 (p = 0.688)

V = 45 (p = 0.004)

Partial

V = 78 (p = 0.000)

t59 = 2.7 (p = 0.010)

V = 10 (p = 0.578)

V = 0 (p = 0.031)a

(ii) Number of staging sites

V = 0 (p = 0.003)

t59 = −4.9 (p = 0.000)

V = 2.5 (p = 0.424)

V = 3.5 (p = 0.129)

(iii) Total migration distance

V = 20 (p = 0.151)

t59 = −2.44 (p = 0.018)

V = 0 (p = 0.016)

V = 8 (p = 0.353)

(iv) Maximum step length

V = 75 (p = 0.002)

t59 = 6.23 (p = 0.00)

V = 4 (p = 0.109)

V = 15 (p = 0.059)

n
(i) Migration speed

a

For three Curlews migrating around the equinox their timing of migration and there with their partial migration speed could not be determined with sufficient
accuracy, resulting in a sample size of 6 instead of 9 for this variable
Paired-t test was used for Turnstone and Wilcoxon signed rank test was used for the other three species. n depicts sample size. Significant results (p < 0.05) are
highlighted in bold
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Fig. 2 Seasonal difference in four migratory variables for six EAAF migratory sandpipers. Seasonal difference was based on subtracting data for post-breeding
from pre-breeding migration for each individual bird. (iA) traditional migration speed (km/d) calculated as the total migration distance divided by total migration
duration; (iB) partial migration speed (km/d), dividing migration distance between the first staging site and the wintering/breeding grounds by the total
duration from arrival at the first staging site until arrival at the wintering/breeding grounds; (ii) number of staging sites; (iii) total migration distance (km); (iv) the
maximum step length (km). Species along the X-axes are ranked in order of increasing lean body mass. The thick line within each box and whisker plot
represents the median, and the lower and upper box border represents the first and the third quantile, respectively. Whiskers denote the lower and upper 95%
confidence interval. Dots outside the whiskers are outliners above or below the 95% confidence interval. Since only three and two data points were available
for Tattler and Red Knot, respectively, the individual data points and the medians are plotted for each of these two species. In all panels a dotted horizontal line
representing no seasonal difference is added to assist visual interpretation. For example, in panel (iA) below the zero horizontal line
indicates slower pre- compared to post-breeding migration speed, whereas above the line indicates faster pre- compared to post-breeding migration.
Seasonal difference within species differences were tested using paired t-tests asterisks identifying significant differences (p < 0.05 ‘*’, p < 0.01 ‘**’,
p < 0.001 ‘***’). Between species differences were tested using multiple comparison Games-Howell post-hoc tests and are noted with capital letters,
with species not sharing the same letter being significantly different. Liner models showed that only partial migration speed (iB) varies in relation to
lean body mass, with post-breeding migration becoming progressively faster relative to pre-breeding migration with an increase in body size

performed better in terms of a lower AIC value compared
to the model not including size (Table 4).
Maximum step length

Maximum step length was similar or longer during precompared to post-breeding migration (Table 3, Fig. 1iv),
consistent with the prediction that migrants might make
longer steps to minimize time use when migrating
towards their breeding grounds. During post-breeding
migration, all four statistically tested species took shorter
(Sanderling, Turnstone and Curlew) or similar step

length (Great Knot) (Table 3, Fig. 2iv). Although statistical testing was not opportune given low sample sizes,
Tattler and Red Knot also had similar or longer step
lengths during pre- compared to post-breeding migration (Fig. 2iv). The seasonal difference in maximum step
length was significantly higher in Sanderling and
Turnstone than Great Knot. We detect no size-related
pattern in maximum step length, despite that model
including size as a covariate performed better in terms
of a lower AIC value compared to the model not
including size (Table 4).
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Table 4 Comparisons of linear model performances of the
migration variables with and without size as a covariate in terms
of difference in AIC values (ΔAIC)
Explanatory variables

ΔAIC

~1

8.5

~ 1+ size

0

~1

21.3

~ 1+ size

0

(i) Migration speed
Traditional

Partial

(ii) Number of staging sites

(iii) Total migration distance

(iv) Maximum step length

~1

1.0

~ 1+ size

0

~1

10.6

~ size

0

~1

14.7

~ 1+ size

0

In all cases a ΔAIC of 0 defines the best model. ΔAIC of alternative models that
are >2 suggest that these alternative models are performing worse than the
model with a ΔAIC equalling 0

Discussion
Using individual tracking data across six differently sized
shorebird species migrating along the EAAF, we found
support for the hypothesis that, overall and more often
than not, migrants showed evidence of using a timeminimization strategy during pre-breeding migration
and an energy-minimization strategy during postbreeding migration. Most species displayed one or more
of the four seasonal differences, including migrating faster, using fewer staging sites, covering similar or longer
total distance and making longer steps during pre- compared to post-breeding migration. Seasonal difference in
the number of staging sites, total migration distance and
maximum step length did not show any size-related pattern. Remarkably, we found that the seasonal difference
in migration speed, the ultimate indicator of time- versus energy- minimization, tended to decrease with body
size. Across seasons, larger species showed greater similarity in their migratory behaviour than small species.
Assuming they were using a time-minimisation strategy
during pre-breeding migration (for which e.g. a long
maximum step length and few staging sites [Fig. 1] are
indicative), this conforms to our additional hypothesis
that large species are potentially more time constrained
year around. Large species thus potentially not only
adopt a time-minimization strategy during pre-breeding
migration, but also during post-breeding migration. We
acknowledge that migration speed was mainly represented as partial migration speed in this study; migration speed across the entire migration would be ideal
and such study is warranted to further test our
hypothesis. We also acknowledge that the four investigated migration variables can only suggest and not
distinctively identify the use of a time- versus an energy-

minimization strategy. There is still the probability that
differences in environmental conditions rather than
migration strategy underlie the seasonal differences
observed in migratory behaviour. Nevertheless, evidence
supporting the hypothesis was strong in terms of all four
variables performing as expected. This is, to our knowledge, also the first study proposing and demonstrating
that body size plays a key role in shaping migratory
behaviours between seasons. This was evident in all but
one (staging site) AIC tests for the effect of size (Table 4).
Also, the potentially more conservative hypothesis-testing
(i.e. P value) approach (see [48] for discussion), which we
will preferentially refer to in our discussion below, indicated
that size affected many of the migratory behaviours.
Migration speed

The overall similar or higher migration speed during
pre- compared to post-breeding migration is consistent
with the findings in the review by Nilsson C, et al. [21].
Seasonal difference in partial migration speed declined
significantly with size. The traditional migration speed
tended to decline, although not significantly, corroborating the partial migration speed results of a decline in
migration speed with size. This lack of seasonal difference in large species suggests that large compared to
small species behave more like time-minimizers during
both pre- and post-breeding migration. Alternatively,
one might argue that large species might use energyrather than time-minimization during both pre- and
post-breeding migration. This, however, is unlikely to be
the case due to the apparent high time constraints
throughout the annual life cycle for large species and in
these large species clear hallmarks of a time-minimisation
strategy (e.g. small number of staging sites and long
maximum step lengths, Fig. 1).
Besides migration and breeding, primary moult is also
energy-costly [49]. Many long-distance migratory birds
schedule these events so as to avoid overlap (e.g. passerines [50], shorebirds [51]). All six shorebird species in
this study conduct most if not all of their moult on the
wintering grounds [52]. Large species however tend to
take more time to complete primary moult; e.g. moult
takes an average of 98 days for the smallest of species in
this study, Sanderling [53], while taking four or more
months in the largest, Curlew [52]. Large species also
tend to take more time to breed (e.g. 20.5–24 days in
Turnstone versus 27–29 days in Eurasian Curlew
Numenius arquata [54]). The longer duration of primary
moult and longer breeding, together with lower fuel
deposition rate [30], pose high time constraints for large
species round the year, wherever they are, be it at their
wintering grounds, migration and breeding grounds. We
therefore interpret the shrinking of migration speed
between seasons as that large species are time
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constrained and thus may adopt time-minimization
strategy during both pre- and post-breeding migration.
Remarkably, however, instead of migrating at a similar
speed across seasons, Curlew in fact showed a faster
partial migration speed during post- compared to prebreeding migration. This higher post-breeding migration
speed can possibly be explained by potential differences
in environmental conditions between the two seasons,
such as food availability, day length [55] and weather
conditions [56]. These differences in environmental conditions between the two seasons may not only affect
Curlew but also other shorebird species, suggesting that
despite faster migrations during pre-breeding migrations
in the smaller species, conditions for migration might in
fact be more favourable during post-breeding migration.
The main food for Curlews at their migratory staging
sites consists of various crustacean species [57–60],
whose density is higher during post- compared to prebreeding migration along the EAAF ([61–63], but [64]).
This overall higher food availability during post-breeding
migration potentially enhances fuel deposition rate in
Curlew, contributing to its higher post-breeding migration
speed. Since Curlew and the other five studied species were
tracked across 6 years, the observed seasonal difference in
migration speed and the overall decline of migration speed
with size is unlikely caused by the potential fact that species
were coincidently tracked in years with particularly high
seasonal difference in food availability.
Day length may also affect migration speed, where long
days may result in higher net intake and thus fuel deposition rates as was suggested by Bauchinger U and Klaassen
M [55] for passerines. Although most Scolopacidae, including Curlew, forage during both day and night [60], detecting prey by vision and tactile sensation [58, 65], their food
intake might be more efficient during the day by using both
detection methods while during the night vision detection
might be limited. Indeed, Curlew experienced slightly
longer days during post- compared to pre-breeding migration, potentially facilitating their relatively speedy migration
during this season. Conversely, the smaller Sanderling and
Turnstone, which migrated faster during the pre- compared
to post-breeding migration, where in fact experiencing
longer days during that season. Our data thus suggest that
difference in day length during migration periods might to
some extent have contributed to the seasonal difference in
migration speed.
Another potentially important environmental factor in
determining migration speed is weather conditions, and
wind conditions in particular. Departing and flying with
wind assistance enhances flying speed and saves energy
and time during migration [56]. However, the only study
investigating such potential differences between seasons
at Chongming Dongtan in the south Yellow Sea (a
stopover site along the EAAF), found that wind was on
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average supportive during both pre- and post-breeding
migration in 3 years from 2007 to 2009 [66]. Although
large variations existed within seasons, they did not find
a significant difference in the strength of wind support
between seasons. Therefore, weather was not considered
to be the main driver of seasonal difference in migration
speed observed in the present study. Rather, it implies
that, as we predicted, large species were most likely
under time selection pressure during not only pre- but
also post-breeding migration. Future studies investigating seasonal difference in weather conditions along the
migration route is warranted.

Total migration distance

Similar total migration distances during pre- and postbreeding migration do not necessarily refute a differential migration strategy during the two seasons (i.e. time
versus energy- minimization strategy, respectively).
Still, longer migration distances during pre-breeding
migration are considered to be the hallmark of timeminimization and considerably longer migration distances (up to 22%) have indeed been found in some
migratory species during pre- compared to postbreeding migration [67]. In our study such seasonal difference was absent in all species but Tattler, despite
that Turnstone and Great Knot were recorded to cover
slightly longer distance during post-breeding migration,
which fell within the range of geolocator errors [68].
Tattlers travelled a significantly shorter distance (10%)
during post-breeding migration. All three Tattlers
migrated via a more direct, easterly route when crossing the Pacific Ocean during their post-breeding migration, instead of stopping at more westerly islands such
as the Philippines as shown during their pre-breeding
migration [69].
Seasonal difference in total migration distance has
been shown in some species along other flyways [67, 70].
The absence of any major seasonal difference in total
migration distance might also be related to the
geography of the EAAF. The most direct route traveling
between the wintering grounds in New Zealand and
Australia and the breeding grounds in the Siberian subArctic and Arctic would involve a trans-Pacific crossing.
This energetically demanding route option is avoided by
most species under study but Bar-tailed Godwit [71, 72].
The next most straightforward route involves migrating
using the coasts of China, Japan and/or Korea. Coincidently this route importantly runs through a region
assumed to be one of the world’s most food abundant
staging sites for shorebirds [73], with the Yellow Sea as
one of its main areas. Not surprisingly, most shorebird
species migrate via these staging sites during both
seasons, resulting in similar total migration distance.
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Maximum step length

Longer maximum step length during pre- compared to
post-breeding migration was recorded in Sanderling,
Turnstone and Curlew. The longest steps occurred when
the shorebirds under study crossed the Pacific Ocean
from their wintering grounds in Australia to their
staging sites on the east coast of China, spanning
between 4400 and 9000 km. This very long jump during
pre-breeding migration conforms to the prediction of a
time-minimization strategy [43]. Instead of conducting a
similar jump which could take them across the western
Pacific when migrating back to the wintering grounds,
most individuals divided this section of the journey into
several small steps by stopping at islands in the Pacific
Ocean, such as Java, Malaysia, Brunei and the Philippines,
consistent with an energy-minimization strategy. Although
apparently engaging in a time-minimization strategy during
both pre- and post-breeding migration as judged from their
migration speeds during both seasons, Curlew also made
smaller steps during post-breeding than pre-breeding migration. However, the difference in maximum step length
between the two seasons in Curlew (14%) was smaller than
in Sanderling (25%) and Turnstone (25%).

Conclusions
Although the optimal migration theory proposes that
time-minimization is more relevant during pre- compared to post-breeding migration, the role of body size
in comparing the two seasons has never been considered previously. The data presented to some extent
support our initial hypothesis that large sized species
are more time-constrained and thus tend to use a timeminimization strategy during both pre- and postbreeding migration.
Migration is a seriously threatened natural phenomenon
and notably so along the EAAF, with many migrants being
particularly impacted by habitat deterioration and loss in a
major stopover region, the Yellow Sea [74]. In the face of
these threats, identifying size and other species-specific
constraints in their migratory behaviour and capacities
may be of crucial importance in understanding and in
assisting developing optimal conservation strategies to
mitigate the threats of habitat deterioration. Considering
the generally higher time pressure during pre- compared
to post-breeding migration, the conservation of crucial
sites for pre-breeding migratory preparation in shorebirds
along the EAAF, such as the wintering grounds and
important staging areas such as the Yellow Sea, are of profound significance to ensure a timely arrival at the breeding grounds. Furthermore, relatively large birds, which
face high time constraints during both pre- and postbreeding migration, may be less flexible still in time and
site use. Conservation of their habitat during both seasons
is thus crucial for averting further population declines.
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The recent ongoing population declines in Eastern Curlew
may be the hallmark of this [75]. However, size clearly is
not the only crucial variable determining conservation
needs since smaller shorebirds species along the EAAF,
such as Curlew Sandpiper (Calidris ferruginea), may show
similar dramatic declines [75].

Additional files
Additional file 1: Table S1. Original data of seasonal difference for all
four investigated migration variables for each individual. (DOCX 33 kb)
Additional file 2: Figure S1. Relationships between partial migration
speed and lean body mass (g, log10) for six sandpiper species migrating
northward along the East Asian-Australasian Flyway towards their
breeding grounds. (DOCX 64 kb)
Acknowledgements
We thank Richard Lanctot, Zhijun Ma and editor and two anonymous
reviewers for commenting on an earlier version of this manuscript. We
acknowledge all the enthusiastic volunteers associated within the Victorian
Wader Study Group, Queensland Wader Study Group, Australasian Wader
Studies Group, Global Flyway Network, Wild Bird Society of Japan, China and
Port of Brisbane for their tremendous efforts in the field in deploying and
retrieving geolocators. We thank Roger Standen for compiling body mass
data, and Yaara Rotman, Ben Fanson and Vincent Careau for their assistance
with the statistical analyses. We also thank the Australian Bird and Bat
Banding Office and the State Authorities for ethics approval and for
providing state banding licences. Meijuan Zhao also thanks BirdLife Australia
and Stuart Leslie Conference Funding for supporting her attendance at a
conference to present and help develop this work.
Funding
This project was supported by a Discovery grant (DP1301041935) from the
Australian Research Council. CH. was supported by the major funders of the
Global Flyway Network, including BirdLife Netherlands (2007–2012), WWF
Netherlands (2010–2014, 2016) and the Spinoza Premium of Netherlands
Organization Prize for Scientific Research to Theunis Piersma (2014–2017).
MZ was supported to present this work by BirdLife Australia and Stuart Leslie
Conference Funding.
Availability of data and materials
All data have been included as Additional file 2.
Authors’ contributions
MK and MZ originally formulated the idea. All authors contributed to the
field work. KG, SL and MZ processed geolocator data. MZ collected data
from publications. MZ performed statistical analyses with advice from MK.
MZ wrote the manuscript with advice from MK, CM, KS and SL. All authors
read and approved the final manuscript.
Ethics approval
We also thank the Australian Bird and Bat Banding Office and the State
Authorities for ethics approval and for providing state banding licences.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Centre for Integrative Ecology, School of Life and Environmental Sciences,
Deakin University, Geelong, Australia. 2Victorian Wader Study Group, c/o 165

Zhao et al. Movement Ecology (2017) 5:23

Dalgetty Road, Beaumaris, Vic 3193, Australia. 3Queensland Wader Study
Group, 22 Parker Street, Shailer Park, Qld 4128, Australia. 4Global Flyway
Network, PO box 3089, Broome, Australia. 5Schweizerische Vogelwarte,
Department of Bird Migration, 1 Seerose, 6204 Sempach, Switzerland.
Received: 23 June 2017 Accepted: 2 October 2017

References
1. Dingle H. Migration. [electronic resource] : the biology of life on the move.
New York: Oxford University Press; 1996.
2. Alerstam T, Hedenström A, Akesson S. Long-distance migration: evolution
and determinants. Oikos. 2003;103:247–60.
3. Alerstam T, Lindström Å. Optimal bird migration: the relative importance of
time, energy, and safety. In: Gwinner E, editor. Bird migration. Berlin:
Springer. 1990. p. 331–51.
4. Hedenström A, Alerstam T. Optimum fuel loads in migratory birds:
distinguishing between time and energy minimization. J Theor Biol. 1997;
189:227–34.
5. Houston AI. Models of optimal avian migration: state, time and predation. J
Avian Biol. 1998;29:395–404.
6. Kokko H. Competition for early arrival in migratory birds. J Anim Ecol. 1999;
68:940–50.
7. Moore FR, Smith R, Sandberg R. Stopover ecology of intercontinental
migrants: en route problems and consequences for reproductive
performance. In: Greenberg R, Marra PP, editors. Birds of two worlds: the
ecology and evolution of migration. Baltimore: Johns Hopkins University
Press; 2005. p. 251–61.
8. McKinnon L, Picotin M, Bolduc E, Juillet C, Bety J. Timing of breeding, peak food
availability, and effects of mismatch on chick growth in birds nesting in the high
Arctic. Can J Zoology-Revue Canadienne De Zoologie. 2012;90:961–71.
9. Meltofte H, Hoye TT, Schmidt NM. Effects of food availability, snow and
predation on breeding performance of waders at Zackenberg. Adv Ecol Res.
2008;40(40):325–43.
10. Bety J, Giroux JF, Gauthier G. Individual variation in timing of migration:
causes and reproductive consequences in greater snow geese (Anser
Caerulescens Atlanticus). Behav Ecol Sociobiol. 2004;57:1–8.
11. Low M, Arlt D, Pärt T, Öberg M. Delayed timing of breeding as a cost of
reproduction. J Avian Biol. 2015;46:325–31.
12. Drent R, Both C, Green M, Madsen J, Piersma T. Pay-offs and penalties of
competing migratory schedules. Oikos. 2003;103:274–92.
13. McNamara JM, Welham RK, Houston AI. The timing of migration within the
context of an annual routine. J Avian Biol. 1998;29:416–23.
14. Farmer AH, Wiens JA. Models and reality: time-energy trade-offs in pectoral
sandpiper (Calidris Melanotos) migration. Ecology. 1999;80:2566–80.
15. Alerstam T. Detours in bird migration. J Theor Biol. 2001;209:319–31.
16. Helseth A, Lindström Å, Stervander M. Southward migration and fuel
deposition of red knots Calidris Canutus. Ardea. 2005;93:213–24.
17. Nilsson C, Backman J, Alerstam T. Seasonal modulation of flight speed
among nocturnal passerine migrants: differences between short- and longdistance migrants. Behav Ecol Sociobiol. 2014;68:1799–807.
18. Gudmundsson GA, LindstrÖM Å, Alerstam T. Optimal fat loads and longdistance flights by migrating knots Calidris Canutus, Sanderlings C. Alba and
turnstones Arenaria Interpres. Ibis. 1991;133:140–52.
19. Lindström Å, Gill RE, Jamieson SE, McCaffery B, Wennerberg L, Wikelski M,
Klaassen M. A puzzling migratory detour: are Fueling conditions in Alaska driving
the movement of juvenile sharp-tailed sandpipers? Condor. 2011;113:129–39.
20. Hahn S, Emmenegger T, Lisovski S, Amrhein V, Zehtindjiev P, Liechti F.
Variable detours in long-distance migration across ecological barriers and
their relation to habitat availability at ground. Ecol Evol. 2014;4:4150–60.
21. Nilsson C, Klaassen RH, Alerstam T. Differences in speed and duration of
bird migration between spring and autumn. Am Nat. 2013;181:837–45.
22. Raess M. Continental efforts: migration speed in spring and autumn in an
inner-Asian migrant. J Avian Biol. 2008;39:13–8.
23. Strandberg R, Klaassen RHG, Hake M, Olofsson P, Thorup K, Alerstam T.
Complex timing of marsh harrier Circus Aeruginosus migration due to preand post-migratory movements. Ardea. 2008;96:159–71.
24. Shamoun-Baranes J, Baharad A, Alpert P, Berthold P, Yom-Tov Y, Dvir Y,
Leshem Y. The effect of wind, season and latitude on the migration speed
of white storks Ciconia Ciconia, along the eastern migration route. J Avian
Biol. 2003;34:97–104.

Page 11 of 12

25. Nuijten RJM, Kölzsch A, van Gils JA, Hoye BJ, Oosterbeek K, de Vries PP,
Klaassen M, Nolet BA. The exception to the rule: retreating ice front makes
Bewick's swans Cygnus Columbianus Bewickii migrate slower in spring than
in autumn. J Avian Biol. 2014;45:113–22.
26. Mellone U, De La Puente J, López-López P, Limiñana R, Bermejo A, Urios V.
Seasonal differences in migration patterns of a soaring bird in relation to
environmental conditions: a multi-scale approach. Behav Ecol Sociobiol.
2015;69:75–82.
27. Pennycuick CJ. Mechanics of flight. In: Farner DS, King JR, editors. Avian Biol,
vol. 5. New York: Academic Press, 1971–1993; 1975. p. 1–75.
28. Bruderer B, Boldt A. Flight characteristics of birds: I. Radar measurements of
speeds. Ibis. 2001;143:178–204.
29. Gavrilov VM. Energy expenditures for flight, aerodynamic quality, and
colonization of forest habitats by birds. Biol Bull. 2011;38:779–88.
30. Lindström Å: Fuel deposition rates in migrating birds: causes, constraints
and consequences. In Avian migration. Edited by Berthold P, Gwinner E,
Sonnenschein E. Berlin: Springer. 2003. p. 307–20.
31. Lindström Å. Maximum fat deposition rates in migrating birds. Ornis Scand.
1991;22:12–9.
32. Hedenström A. Scaling migration speed in animals that run, swim and fly. J
Zool. 2003;259:155–60.
33. Hedenström A. Adaptations to migration in birds: behavioural strategies,
morphology and scaling effects. Philos Trans R Soc B-Biol Sci. 2008;363:
287–99.
34. La Sorte FA, Fink D, Hochachka WM, DeLong JP, Kelling S. Population-level
scaling of avian migration speed with body size and migration distance for
powered fliers. Ecology. 2013;94:1839–47.
35. Watanabe YY. Flight mode affects allometry of migration range in birds.
Ecol Lett. 2016;19:907–14.
36. Hein AM, Hou C, Gillooly JF. Energetic and biomechanical constraints on
animal migration distance. Ecol Lett. 2012;15:104–10.
37. Reiss MJ. The allometry of growth and reproduction. Cambridge: Cambridge
University Press; 1991.
38. Peters RH. The ecological implications of body size. Cambridge: Cambridge
University Press; 1986.
39. Hedenström A. Scaling of migration and the annual cycle of birds. Ardea.
2006;94:399–408.
40. Lisovski S, Gosbell K, Christie M, Hoye BJ, Klaassen M, Stewart ID, Taysom AJ,
Minton C. Movement patterns of Sanderling (Calidris Alba) in the east
Asian–Australasian flyway and a comparison of methods for identification of
crucial areas for conservation. Emu. 2016;116:168–77.
41. Zwarts L, Ens BJ, Kersten M, Piersma T. Moult, mass and flight range of waders
ready to take off for long-distance migrations. Ardea. 1990;78:339–64.
42. Warnock N. Stopping vs. staging: the difference between a hop and a jump.
J Avian Biol. 2010;41:621–6.
43. Aharon-Rotman Y, Gosbell K, Minton C, Klaassen M. Why fly the extra mile?
Latitudinal trend in migratory fuel deposition rate as driver of transequatorial long-distance migration. Ecol Evol. 2016;6:6616–24.
44. Battley PF, Warnock N, Tibbitts TL, Gill RE, Piersma T, Hassell CJ, Douglas DC,
Mulcahy DM, Gartrell BD, Schuckard R. Contrasting extreme long-distance
migration patterns in bar-tailed godwits Limosa Lapponica. J Avian Biol.
2012;43:21–32.
45. Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM: Mixed effects models
and extensions in ecology with R. New York: Springer Science & Business
Media; 2009.
46. Thomas GH, Wills MA, Szekely T. A supertree approach to shorebird
phylogeny. BMC Evol Biol. 2004;4:4–28.
47. Core Team R. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2015.
48. Stephens PA, Buskirk SW, Hayward GD, Martinez Del Rio C. Information
theory and hypothesis testing: a call for pluralism. J Appl Ecol. 2005;42:4–12.
49. Lindstrom A, Visser GH, Daan S. The energetic cost of feather synthesis is
proportional to basal metabolic-rate. Physiol Zool. 1993;66:490–510.
50. Jenni L, Winkler R, Jenni L, Winkler R. Moult and ageing of European
passerines. London: Christopher Helm; 1994.
51. Remisiewicz M. The flexibility of primary moult in relation to migration in
Palaearctic waders - an overview. Wader Study Group Bull. 2011;118:163–74.
52. Higgins PJ, Davies SJJF. Handbook of Australian, New Zealand and Antarctic
birds, VoL. 3. Melbourne: Oxford university press; 1996.
53. Gosbell K, Minton C. The biometrics and moult of sanderling Calidris Alba in
Australia. Stilt. 2001;40:7–22.

Zhao et al. Movement Ecology (2017) 5:23

54. Cramp S, Simmons KEL. Handbook of the birds of Europe, the Middle East
and North Africa : the birds of the western Palearctic, vol. 3. New York:
Oxford University Press; 1983.
55. Bauchinger U, Klaassen M. Longer days in spring than in autumn accelerate
migration speed of passerine birds. J Avian Biol. 2005;36:3–5.
56. Newton I. The migration ecology of birds. London: Academic Press; 2010.
57. Finn PG, Catterall CP, Driscoll PV. Prey versus substrate as determinants of
habitat choice in a feeding shorebird. Estuar Coast Shelf Sci. 2008;80:381–90.
58. Piersma T. Eastern curlews Numenius Madagascariensis feeding on
Macrophthalmus and other ocypodid crabs in the Nakdong estuary, South
Korea. Emu. 1986;86:155–60.
59. Jing K, Ma Z, Li B, Li J, Chen J. Foraging strategies involved in habitat use of
shorebirds at the intertidal area of Chongming Dongtan, China. Ecol Res.
2007;22:559–70.
60. Dann P. Prey availability, and not energy content, explains diet and prey
choice of eastern curlews Numenius Madagascariensis in southern Australia.
Ardea. 2014;102:213–24.
61. Purwoko A, Wolff WJ. Low biomass of macrobenthic Fauna at a tropical
mudflat: an effect of latitude? Estuar Coast Shelf Sci. 2008;76:869–75.
62. Leng Y, Liu YT, Liu S, Zhang HL, Zhang AJ, Liu XD. Community structure
and diversity of macrobenthos in southern intertidal zone of Yellow River
Delta, China. Chin J Ecol. 2013;32:3054–62.
63. Liu L, Li X. Distribution of macrobenthos in spring and autumn in the
southern Yellow sea. Oceanol Limnol Sin. 2003;34:26–32.
64. Gan Z, Li X, Wang H, Zhang B. Ecological characteristics and seasonal
variation of macrobenthos near the Ningjin coastal water of Shandong, East
China. Chin J Appl Ecol. 2012;23:3123–32.
65. Zwarts L, Esselink P. Versatility of male curlews Numenius Arquata preying
upon Nereis Diversicolor: deploying contrasting capture modes dependent
on prey availability. Mar Ecol Prog Ser. 1989;56:255–69.
66. Ma Z, Hua N, Zhang X, Guo H, Zhao BIN, Ma Q, Xue W, Tang C. Wind
conditions affect stopover decisions and fuel stores of shorebirds migrating
through the south Yellow Sea. Ibis. 2011;153:755–67.
67. Tottrup AP, Klaassen RHG, Strandberg R, Thorup K, Kristensen MW, Jorgensen PS,
Fox J, Afanasyev V, Rahbek C, Alerstam T. The annual cycle of a trans-equatorial
Eurasian-African passerine migrant: different spatio-temporal strategies for
autumn and spring migration. Proc Royal Soc B-Biol Sci. 2012;279:1008–16.
68. Lisovski S, Gosbell K, Hassell C, Minton C. Tracking the full annual-cycle of
the great knot Calidris Tenuirostris, a long-distance migratory shorebird of
the east Asian-Australasian flyway. Wader Study. 2016;123:177–89.
69. Satellite Transmitters and Geolocators [http://waders.org.au/studyingwaders/banding-shorebirds/satellite-transmitters-and-geolocators/. Accessed
20 October 2014.]
70. Åkesson S, Klaassen R, Holmgren J, Fox JW, Hedenström A. Migration routes
and strategies in a highly aerial migrant, the common swift Apus Apus,
revealed by light-level geolocators. PLoS One. 2012;7:e41195.
71. Gill RE, Tibbitts TL, Douglas DC, Handel CM, Mulcahy DM, Gottschalck JC,
Warnock N, McCaffery BJ, Battley PF, Piersma T. Extreme endurance flights
by landbirds crossing the Pacific Ocean: ecological corridor rather than
barrier? Proc Royal Soc B-Biol Sci. 2009;276:447–57.
72. Gill RE, Douglas DC, Handel CM, Tibbitts TL, Hufford G, Piersma T.
Hemispheric-scale wind selection facilitates bar-tailed godwit circummigration of the Pacific. Anim Behav. 2014;90:117–30.
73. Battley PF, Piersma T. Body composition and flight ranges of bar-tailed godwits
(Limosa Lapponica Baueri) from New Zealand (composition Corporelle et distance
de Vol chez Limosa Lapponica Baueri de nouvelle-Zélande). Auk. 2005;122:922–37.
74. Ma Z, Melville DS, Liu J, Chen Y, Yang H, Ren W, Zhang Z, Piersma T, Li B.
Ecosystems management rethinking China's new great wall. Science. 2014;
346:912–4.
75. Studds CE, Kendall BE, Murray NJ, Wilson HB, Rogers DI, Clemens RS, Gosbell K,
Hassell CJ, Jessop R, Melville DS. Rapid population decline in migratory shorebirds
relying on Yellow Sea tidal mudflats as stopover sites. Nat Commun. 2017;8
76. Johnsgard PA. The plovers, sandpipers, and snipes of the world / Paul a.
Johnsgard. Lincoln: University of Nebraska Press; 1981.
77. Battley PF. Seasonal mass changes of lesser knots (Calidris Canutus) in New
Zealand. Notornis. 1999;46:143–53.
78. Tomkovich PS, Porter RR, Loktionov EY, Niles LJ. Pathways and staging areas
of red knots Calidris Canutus Rogersi breeding in southern Chukotka, far
eastern Russia. Wader Study Group Bull. 2013;120:181–93.
79. Minton C, Gosbell K. Eastern curlew Geolocators 2011. Australas Wader Stud
Group 2011;23:3-4.

Page 12 of 12

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

