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Declining adult survival of New Zealand Bar-tailed Godwits
during 2005–2012 despite apparent population stability
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Abstract. Like many migratory shorebird populations using the East Asian–Australasian Flyway, Bar-tailed Godwits
Limosa lapponica baueri in New Zealand have significantly declined since the mid-1990s, but census data indicate a
relatively stable population since 2004. The demographic drivers of both the decline and stabilisation remain unknown.
We estimated annual survival from mark–recapture data of adult godwits in New Zealand during 2005–2014. Annual
adult survival declined over the study period from 0.89–0.96 in 2005–2010 to 0.83–0.84 in 2011–2012. The simultaneous
decline in annual survival found in a separate study of Bar-tailed Godwits L. l. menzbieri in north-west Australia suggests
a common effect of their high dependence on threatenedmigratory staging sites in theYellow Sea; themore extreme decline
in L. l. menzbierimay reflect ecological differences between the populations, such as timing and extent of use of these sites.
At current apparent recruitment rates, persistent adult survival of ~0.84 would lead to a population decline of 5–6% per year
in L. l. baueri. Our study implies that the demographic precursors to a population decline developed during a period of
apparent population stability; this suggests thatmonitoring a single index of population stability is insufficient for predicting
future trends.

Additional keywords: East Asian–Australasian Flyway, Limosa lapponica baueri, mark–recapture, shorebirds. 
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Introduction

The East Asian–Australasian Flyway (EAAF) features many of
the world’s most spectacular shorebird migrations (Gill et al.
2009; Handel and Gill 2010; Minton et al. 2011; Battley et al.
2012; Tomkovich et al. 2013). Unfortunately, the future of these
migrations is in question, as widespread declines of migratory
shorebird populations in the EAAF have occurred in the last two
decades (Barter 2002; Amano et al. 2012; Garnett et al. 2011;
Wetlands International 2013; Conklin et al. 2014). Although loss
of intertidal wetlands in staging areas of the Yellow Sea has
emerged as the most likely cause of shorebird declines on the
flyway (Barter 2003;MacKinnon et al. 2012;Murray et al. 2014;
Murray et al. 2015), establishing explicit links between environ-
mental factors and key demographic parameters (e.g. fecundity,
recruitment, or adult survival) is required for designing realistic

strategies to reverse these population declines (Hua et al. 2015).
As may be expected in relatively long-lived species, recent work
indicates that decreasing adult survivalmay be driving declines in
at least four EAAF shorebird populations (Rogers and Gosbell
2006; Piersma et al. 2016). However, more work is needed to
determine whether this can be generalised across more popula-
tions and species.

The Alaska-breeding population of Bar-tailed Godwits
(Limosa lapponica baueri) makes a round-trip annual migration
of ~30 000 km (Gill et al. 2009; Battley et al. 2012), spending the
non-breeding season (September–March) in New Zealand and
eastern Australia (~65% and 35% of a population estimated at
133 000 individuals; Bamford et al. 2008; Conklin et al. 2014).
A significant decrease in godwit numbers in New Zealand during
1994–2003 (Fig. 1) from ~101 000 to 83 000 (Sagar et al. 1999;
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Southey 2009) led to a reassessment of the population’s official
conservation status inNewZealand: in 2013, it was recategorised
as ‘At Risk, Declining’, with the additional qualifier ‘Threatened
Overseas’ (Robertson et al. 2013). In 2015, theBar-tailedGodwit
was reclassified from Least Concern to Near Threatened status
on the IUCN Red List (BirdLife International 2015), and two
subspecies using the EAAF (L. l. baueri and menzbieri) meet
requirements for Red List status at the regional scales of the
flyway (Conklin et al. 2014) and Australia (Garnett et al. 2011),
based on observed and predicted population declines. Addition-
ally, four subspecies ofBar-tailedGodwits (including those using
the EAAF)were proposed in 2014 as additions to theCooperative
Action List of the Convention onMigratory Species (Leyrer et al.
2014). Preliminary modelling of the population trend confirms
the previously observed decline of godwits in New Zealand, but
also suggests a stabilisation of the population since it reached a
lowpoint of ~75 000 in2004 (Fig. 1;C.E. Studds andR.A.Fuller,
pers. comm.). The demographic drivers and consequences of this
decline and subsequent stabilisation have yet to be examined.

Piersma et al. (2016) detected dramatic declines since 2009 in
adult survival in three long-distance migratory shorebird popula-
tions using Roebuck Bay, Western Australia (Bar-tailed Godwit
L. l. menzbieri, Red Knot Calidris canutus piersmai, and Great
Knot C. tenuirostris). Seasonal survival analyses showed that
survival declines were restricted to the period of breeding
and migration, implicating passage through the Yellow Sea as
the likely survival bottleneck common to all three populations.
Providing an intriguing comparison, the uniquemigration ofNew
Zealand Bar-tailed Godwits differs from these populations in two
important respects: (1) their trans-Pacific southward migration
from Alaska features the longest non-stop migratory flight yet
recorded (>11 500 km; Gill et al. 2009); and (2) this migratory

‘detour’means that adult birds pass through the Yellow Sea only
once per year (on northward migration), rather than twice. In this
study, we use mark–recapture analysis to estimate adult annual
survival of New Zealand Bar-tailed Godwits during 2005–2013.
We discuss these results with regard to population monitoring
data during 1995–2014 and comparable adult survival estimates
in the west Australian population L. l. menzbieri.

Methods

Individual marking and resighting

Since 2004, Bar-tailed Godwits were captured by cannon-net or
mist-net at coastal sites spanning the North and South Islands
of New Zealand (latitude 34�320S–46�390S) and individually
marked with either a unique combination of flag and four colour
bands or an engraved flag with a 3-digit alphabetical code.
Godwits were aged by plumage or state of primary feather moult.
For details regarding sites, marking, and ageing, see Battley et al.
(2011).

During 2005–2014, individually marked godwits were ob-
served and recorded at non-breeding sites across New Zealand;
data were compiled from concerted efforts by the authors and
colleagues to resight marked godwits as part of a study of
individualmovements (Battley et al. 2011), and fromboth regular
and opportunistic resights submitted by amateur shorebird obser-
vers. Resighting effort was particularly high at one site (the
Manawatu River estuary) as part of an intensive long-term study
of individual moult and behaviour (Conklin et al. 2013).

Data selection

For this study,we includedonly siteswith relatively highmarking
and resighting effort during 2005–2013 (>300 unique annual
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Fig. 1. Population trend in theBar-tailedGodwit subspeciesLimosa lapponicabaueriduring1995–2014.
Dark grey bars indicate rawNovember census totals in New Zealand (OSNZ, unpubl. data); light grey bars
indicate New Zealand population estimates for 1995–2003, adjusted for sites uncounted in the census
(Southey 2009). Solid line indicates preliminary modelled New Zealand population trend 1995–2012,
accounting for uncertainty and variation in spatial coverage of census data (C.E. Studds and R.A. Fuller,
pers. comm.).
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resightings, i.e. bird years; Table 1). We defined ‘sites’ as
geographic areas connected by regular movements of individual
birds; thus, several capture and resighting locations in close
proximity were grouped into a single site. The final sites in our
analysis (Fig. 2)were:Auckland (comprising theFirthofThames,
Manukau Harbour, and sites in between), Foxton (Manawatu
River estuary and nearby beaches and estuaries), Christchurch
(Avon-Heathcote estuary and nearby areas), GoldenBay (includ-
ing Farewell Spit), and TasmanBay (includingNelson,Motueka,
and Waimea Inlet).

An individual’s encounter history started with the first obser-
vation (not including initial capture) as an adult of presumably
migratory age (3+ years). This approach excluded birds that were
never resighted after capture, and thus prevented the necessity of
separately modelling survival rates (1) during the first year after
capture, to account for transients (birds passing through only
once, that were not non-breeding residents) and for potential
capture-induced mortalities, and (2) for younger birds that do not
yet migrate and can be expected to have different rates and
patternsof survival.Toenablemodellingof resightingprobability
as a function of site, we included only observations made at an
individual’s site of marking (see Fig. 2).

Mark–recapture modelling

We used Cormack-Jolly–Seber (CJS) mark–recapture models to
derive estimates of apparent (or local) survival (F) from resight-
ing data,while accounting for imperfect detection (Lebreton et al.
1992). These models are based on individual encounter histories,
which in our case start with the first observation of an individual
Bar-tailed Godwit when adult (�3 years old). In the next non-
breeding season, an individual may or may not be seen. The
probability that an individual was alive and seen isFp. When an
individual is not seen, there are twooptions: the birdwas still alive
but not seen (with probability F(1 � p)) or the bird died (with
probability 1�F). As resightings are only performed on distinct
non-breeding sites in New Zealand, emigration away from these
sites will be confounded with mortality (Lebreton et al. 1992).
However, Bar-tailed Godwits are known to show strong fidelity
to non-breeding sites in New Zealand (Battley et al. 2011);
accordingly, only 61 of 1486 individuals (3–12 per year during
2005–2013) were seen elsewhere after the last non-breeding
resight at their banding site. In addition, although there are
recorded movements of godwits between New Zealand and
Australia (Wilson et al. 2007; Minton et al. 2010), there is no
unambiguous case of a resident permanently emigrating from
New Zealand to Australia (OSNZ, unpubl. data). As such, in our
study system, estimates of apparent survival will approach true
survival. Correcting for the number of birds alive and seen at their
banding site each year (Table 1), permanent emigration rates
are in the order of 0.01–0.03 per year. We pooled resightings
from October–March to serve as resighting periods. Taking the

Table 1. Overview of the number of individuals seen at least twice per non-breeding season (dataset 2), per site and type of marking, where
non-breeding season year i covers the period October of year i-1 to March of year i

CB= colour bands, EF = engraved flags

Site Mark
type

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 No.
unique
birds

Total bird
years

Auckland CB 75 142 130 133 98 82 39 25 28 55 225 807
Auckland EF 0 4 10 40 216 237 187 61 126 198 430 1079
Christchurch CB 45 48 42 40 49 64 74 60 53 38 112 513
Foxton CB 0 31 40 57 55 52 49 41 67 80 136 472
Foxton EF 0 0 0 0 8 10 8 7 6 5 12 44
Golden Bay CB 6 33 61 66 44 53 6 23 12 18 104 322
Tasman Bay CB 12 66 72 109 61 73 63 37 32 13 162 538
Total 138 324 355 445 531 571 426 254 324 407 1181 3775

 

Fig. 2. Five NewZealand regions (‘sites’) included in the survival analysis.
Open circles indicate trapping locations; numbers indicate total godwits
marked during February 2004–February 2013. Filled circles indicate other
resighting locations included in each site.
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midpoints of the resighting periods, annual survival probabilities
were estimated from~1 January in year i to 1 January in year i+ 1.

Evaluating model assumptions

The following assumptions should be met to ensure unbiased
estimates fromCJSmodels: (1) all individuals alive and present at
time i have the same probability to be resighted, (2) all individuals
alive at time i have the same probability to survive to time i+ 1,
(3) marks are not lost or misread, and (4) the periods of resighting
are negligible relative to the interval over which survival is
estimated (i.e. the interval between resighting periods).

Our study violates the fourth assumption of instantaneous
resighting periods as we pooled resightings over 6 months to
estimate survival over 12 months. However, simulation studies
have shown that pooling of resightings over a longer period (with
up to 50% of the annual mortality occurring during that period)
did not bias and in fact even increased the precision of survival
estimates (Hargrove and Borland 1994; O’Brien et al. 2005).

To assess whether assumptions 1 and 2 were met, we used
the tests implemented in program U-CARE (Choquet et al.
2009a). These tests assess whether the data fit a fully time-
dependent CJS model, which in our case isF(s�m� t) p(s�m� t),
where s = site, m=mark type (colour bands vs engraved flags;
the latter were only used in Auckland (n= 470) and Foxton
(n = 13)), and t = time. We found no evidence for the presence
of transients (Test3.SR: c243 = 52.28, P = 0.16) but strong evi-
dence for trap dependence at all sites (Test2.CT: c236 = 240.63,
P < 0.001), likely driven by individual differences in the proba-
bility of being resighted. The overall ĉ (level of overdispersion)
estimated from U-CARE (averaged over all 4 tests) was 2.69,
which would justify a ‘simple’ correction for lack of fit, not
making any structural adjustments to the standard CJS model
(Burnham and Anderson 2002). However, the substantial het-
erogeneity in resighting probabilities, as indicated by Test2.CT,
may bias survival estimates (Abadi et al. 2013). We therefore
included models in our candidate model set that accounted
for individual variation in resighting probability, using a finite
mixture model with two classes of individuals that differ
in their probability of being resighted. In addition to apparent
survival and resighting probabilities, these models estimate
the proportion of individuals with high and low resighting
probabilities.

Whether assumption 3 (‘marks are not lost or misread’) is
violated is more difficult to test, but we performed some explor-
ative analyses toget an indication. ForBar-tailedGodwitsmarked
with a combination of colour bands and a flag, partial mark loss
will likely be detected before the loss of all marks. We excluded
the two birdswith knownpartialmark loss from the analysis. This
is not possible for engraved flags, as the loss of the engraved flag
cannot (easily) be detected: the bird will only have a metal band
left that cannot be distinguished (unless in hand) from birds
originally banded with a metal band only. To get an idea of the
extent to which engraved flags are lost, or become unreadable
(in other studies, problems with fading inscriptions on engraved
flags have been reported; C.J. Hassell, pers. comm.), we com-
pared the survival of the birds with an engraved flag with that of
birdswith a combination of colour bands and aflag. Ifmark loss or
fading is a significant problem, the survival of engraved flag birds

should generally be lower, especially for birds that were marked
already for a longer time (senescence of marks), than that of
colour-banded birds.

In addition (the second part of assumption 3), surveyors may
make mistakes while reading marks, resulting in false records of
birds that are in fact dead. To assess the role of misreading, we
compared survival rates for two datasets (derived from the same
raw resighting data). In the first dataset (hereafter referred to as
‘dataset 1’), a single resighting during the non-breeding season
was sufficient for the bird to be considered as seen during that
non-breeding season. In the second dataset (hereafter, ‘dataset
2’), at least two resightings during a non-breeding season were
required for an individual to be considered as seen. Ifmisreadings
never or rarely occur, survival estimates should be similar for
the two datasets and resighting probabilities should be lower
for dataset 2 (as birds correctly seen only once during a non-
breeding season are in this dataset considered to be ‘not seen’
during that season). If misreadings occur regularly, survival rates
are expected to be biased high in dataset 1 (and hence lower and
less biased in dataset 2).

Model selection procedure

Due to limited data, and because we expect that annual survival
rates areprimarily affectedby factors away from thenon-breeding
grounds, we modelled survival as a function of time, but not of
site. We expected the different sites to have different resighting
probabilities thatmayvary in differentways over the years (due to
variation in observation effort). Moreover, we expected that
the mark type (i.e. colour bands vs engraved flags) could affect
the probability of resighting. As such, the most parameterised
candidate model was Ft p(s� t +m+ h), where h reflects capture
heterogeneity modelled as two classes of individuals that differ
consistently in their probability of resighting. In addition to
annual variation in survival, we considered reduced models in
which survival changed linearly over time (T) orwas constant (c).
Furthermore, we assessed whether resighting probabilities could
be more parsimoniously modelled with year as an additive effect
(i.e. removing the interaction with site) without an effect of mark
type or without accounting for capture heterogeneity. This meth-
od resulted in a set of 15 candidate models, plus the full model for
which goodness-of-fit was assessed (but for which many para-
meters were not estimable due to limited data).

Model selectionwas performedon thebasis ofQAICc (Akaike
Information Criterion, adjusted for small sample size and over-
dispersion) where a model was considered as better supported
than other models when its QAICc was at least two points lower
(Burnham and Anderson 2002). Models were constructed in R v.
2.13.0 (R Core Team 2013) using package RMark (Laake 2013)
and run using the optimisation algorithm of program MARK
(White and Burnham 1999). For optimising the 2-mixturemodel,
we used program E-Surge using multiple random starting values,
as thesemodels are prone to local minima (Choquet et al. 2009b).

Predicting population growth rates and trajectories

To estimate the recruitment rate required to offset the estimated
rates ofmortality (i.e. tomaintain a stable population), we applied
the following non-breeding season census age-structured popu-
lation matrix model:
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whereNi is the population size of age class i, Si is the survival rate
of individuals in age class i, andR is the per capita recruitment rate
(i.e. the number of offspring per breeding pair, or more precisely,

the number of female offspring per adult female that survive to the
midpoint of their first non-breeding season in New Zealand). We
assumed S1 = S2 = 0.99 based on estimates of survival of imma-
turemenzbieri Bar-tailed Godwits after the midpoint of their first
non-breeding season (Piersma et al. 2016). Furthermore, we
assumed that 50% of the godwits start breeding at age 3
(p3 = 0.5), whereas all godwits breed when �4 years old (p�4 =
1.0). For S3 and S�4 we used the estimates of adult annual
survival from the best-supported model.

Results

As survival estimates were considerably lower for dataset 2 than
for dataset 1 (Fig. 3), we conclude that the frequency of misread-
ings was sufficient to produce biased-high survival estimates in
dataset 1.We therefore proceededwith our analyses using dataset
2. The level of transience for dataset 2 was somewhat higher than
for dataset 1, whereas the level of trap dependence was lower
(TEST3.SR: c2 = 67.77, d.f. = 43, P= 0.009 and TEST2.CT:
c2 = 112.72, d.f. = 34,P < 0.001). The overall level of overdisper-
sion (averaged over the four tests; seeMethods) for dataset 2 was
estimated at ĉ = 1.92, which was used to calculate QAICc values
and adjust confidence intervals.

We found no evidence of substantial band loss or fading of
inscriptions of engraved flags, as models with an interaction
between age since marking (either as continuous or categorical
variable) and mark type (colour bands vs engraved flags) were
consistently less supported than models with additive effects of
mark type and age (see Table S1 in Supplementary material,
available online only).

Resighting probabilities differed among years, sites, and
individuals (Table 2, Fig. 4), and were higher for birds with
engraved flags than for birds with colour bands and a flag
(b= 1.10, 95% CI: 0.67–1.52 estimated by model 1; Table 2).
Translated to the probability scale, when colour-banded birds had

Table 2. Model selection results for dataset 2, corrected for overdispersion (ĉ = 1.92)
t = timeas categorical variable,T = timeas continuousvariable, s = site,m =mark type (colourbandsor engravedflag), c = constant,

h = heterogeneity in resighting probability (2-mixture model)

Model K DDeviance DQAICc Akaike weight

1 FT P(t � s +m+ h) 49 9.31 0.00A 0.91
2 Fc p(t� s +m+ h) 48 23.31 5.23 0.07
3 Ft p(t� s +m+ h) 55 0.00B 7.54 0.02
4 FT p(t� s +m) 47 147.54 67.84 0.00
5 Fc p(t� s +m) 46 166.23 75.51 0.00
6 Ft p(t� s +m) 53 138.53 75.51 0.00
7 FT p(t� s) 46 178.56 81.93 0.00
8 Fc p(t� s) 45 195.27 88.57 0.00
9 Ft p(t� s) 52 169.00 89.31 0.00
10 FT p(t + s +m) 15 398.97 133.50 0.00
11 FT p(t + s) 14 410.28 137.37 0.00
12 Fc p(t + s +m) 14 416.26 140.49 0.00
13 Ft p(t + s +m) 21 390.32 141.13 0.00
14 Fc p(t + s) 13 427.71 144.43 0.00
15 Ft p(t + s) 20 401.33 144.84 0.00
16 F(t� s�m) p(t� s�m) 109 66.78 155.80 0.00

AQAICc = 3162.12.
BDeviance = 1137.60.
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Fig. 3. Annual apparent survival estimates for the model Ft p(s� t + b) for
dataset 1 (open circles) and dataset 2 (filled circles). Error bars represent 95%
confidence intervals corrected for overdispersion (ĉ = 2.69 and ĉ = 1.92).Note
that survival during 2013 could not be estimated, as it is confounded with the
resighting probability in 2014.
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a resighting probability of 0.50 (which approximates their mean
resighting probability in Auckland in 2009–2014, when most of
resightings of birds with engraved leg flags were performed; see
Table 1), birds with an engraved flag had a resighting probability
of 0.75. Survival estimates were substantially higher in models
that accounted for individual heterogeneity in resighting proba-
bilities comparedwithmodels that did not, with relative increases
in survival of 3.2–3.7% (model 3 vs 6 in Table 2), whereas
temporal patterns of survival were similar (filled circles in Fig. 3
vs Fig. 5).

The year-to-year variation in survival was best described by a
linear decline in survival (model 1; Table 2, Fig. 5). Ignoring the
high and imprecise estimate of survival in 2005,which is basedon
relatively few individuals (see Table 1), this temporal trend was
driven by relatively stable and high survival of 0.89–0.94 during
2006–2010, followed by a drop to 0.83–0.84 during 2011–2012
(Fig. 5).

With an estimated average annual survival of 0.91 during
2005–2010, a recruitment rate (R) of 0.10 is required to approxi-
mate the observed stable population trajectory during this period
(Fig. 1). If adult annual survival then drops and persists at 0.84 (as
in 2011–2012), maintaining a stable population would require an
80% increase of the recruitment rate to 0.18. IfR remained at 0.10,
persistent adult survival of0.84would lead to apopulationdecline
of 5–6% per year; this rate predicts a population loss (relative to
the current population) of 25% in 5 years and 44% in 10 years.
With elasticity values being very low (<0.08) for all demographic
parameters except adult survival (0.67), moderate changes in
immature survival, the proportion of 3rd year birds that breeds,
and recruitment rate have little effect on population growth rate.

Discussion

We found strong support for a decrease in adult annual survival
in New Zealand Bar-tailed Godwits during our study, which
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Fig. 4. Resighting probabilities for birdswith colour bands and a flag, estimated by themodelFT p(t� s +m+ h)
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lower 24% of individuals at each site, respectively). Error bars represent 95% confidence intervals corrected
for overdispersion (ĉ = 1.45). Note that the goodness-of-fit improved as we accounted for individual variation
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featured a conspicuous drop in 2011–2012 after a six-year period
ofhigher and relatively stable survival. This is strikingly similar to
patterns found in north-west Australian populations of Bar-tailed
Godwit, RedKnot, andGreat Knot, all of which showed dramatic
declines in adult annual survival from 0.84–0.93 in 2006–2010 to
0.67–0.80 in2011–2012 (Piersma et al. 2016; see alsoFig. 5).The
similarity of survival declines in at least four EAAF shorebird
populations suggests the pattern may be common to many other
species with similar migration strategies or use of staging sites,
and may imply the recent crossing of some critical threshold
(e.g. carrying capacity) on the flyway.

Methodological considerations

Webelieve that comparing survival estimates betweenadataset in
which only a single resighting of an individual during a non-
breeding season is sufficient to consider this individual to be alive
and seen, against a dataset in which at least two resightings are
required (which will to a large extent exclude erroneous observa-
tions) has goodpotential to assess the importance ofmark-reading
mistakes. In our case, the survival estimates became lower when
singleton observations were excluded, indicating that erroneous
observations of individuals that were in fact already dead indeed
occurred to an extent that they produced biased-high survival
estimates.

In addition, we show that accounting for heterogeneity in
resighting probabilities substantially increased the survival
estimates. Because Bar-tailed Godwits are also highly site-faith-

ful inNewZealand (Battley et al. 2011), we therefore believe that
survival estimates, calculated after removing singleton observa-
tions and accounting for individual heterogeneity in resighting
probabilities (Fig. 5), closely approximate true adult survival in
this population. This is important when one aims to make pre-
dictions about the level of breeding output required to maintain
a stable population. If survival is consistently over- or under-
estimated, such an exercise is rather useless.

In our study, the resighting probability for birdswith engraved
flags was higher than for those with colour bands. We also found
no apparent difference in the senescence (loss) of the two mark
types, although we could only assess the persistence of engraved
flags up to five years after marking, due to infrequent deployment
of engraved flags before 2009. We don’t believe that this nec-
essarily means that engraved flags are a superior solution for
similar studies, as the relative ease of resighting for the two
methods will depend upon several site-specific factors, such as
how close birds can be approached and whether they frequently
roost in water or vegetation (in our case, colour bands are applied
to the tarsus, and engraved flags to the tibia). As mark type was
explicitly accounted for in our models, this does not explain the
additional variation we found in individual resighting probabili-
ties, which we believe results simply from individuals being
faithful to sites (or parts of sites) that are visited more or less
frequently by observers.

Potential causes of survival declines

What are the main influences on adult survival in L. l. baueri?
New Zealand is a remarkably hospitable non-breeding area,
featuring relatively low rates of disturbance and intertidal habitat
loss, a complete lack of avian predators specialising on shore-
birds, and a mild, temperate Antipodean summer; accordingly,
apparent mortality of adult godwits in New Zealand is extremely
low (J.R. Conklin and P.F. Battley, unpubl. data). Adultmortality
on Arctic breeding grounds is also generally low in shorebirds,
although rare freezing events have been linked to adult mortality
(Boyd and Piersma 2001; Meltofte et al. 2007). Therefore, we
expect most mortality to be associated with migration, when
godwits in this population must prepare for and perform three of
the longest non-stop flights yet recorded (Piersma and Gill 1998;
Battley and Piersma 2005; Gill et al. 2009; Battley et al. 2012).
Their annual migration exposes godwits to density-independent
mortality risk from stochastic weather events during transoceanic
flights (Gill et al. 2009;Gill et al. 2014), which alonemay explain
much annual variation in adult survival. However, this is unlikely
to cause directional trends, unless the frequency of storms or
degree of wind assistance also changes gradually (e.g. due to
climate-related alteration of prevailing wind patterns).

The greatest risk to L. l. baueri appears to stem from their
dependence on very few high-quality staging sites to fuel their
epic flights (Conklin et al. 2014). On southward migration, the
entire population concentrates at a few estuaries in south-western
Alaska (Gill and Handel 1990; Gill andMcCaffery 1999; Battley
et al. 2012); however, these remote andproductive intertidal areas
remain essentially untouched by human activity.More precarious
is the godwits’ reliance on a few areas of abundant intertidal
resources in the Yellow Sea during northward migration where
they are threatened by disturbance, degradation, and complete
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Fig. 5. Estimates of annual apparent survival from the best-supportedmodel
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loss of fuelling sites (MacKinnon et al. 2012;Murray et al. 2015;
Melville et al. 2016) which may decrease adult survival. Because
loss ofwetlands in theYellowSea is pervasive and incremental, it
is rare that events at particular sites can be linked with shorebird
population changes (e.g. Baker et al. 2004); however, thiswas the
case with the dramatic loss of tens of thousands of Great Knots
coincident with the Saemangeum reclamation in South Korea in
2006 (Moores et al. 2016). This eventmay also have affectedBar-
tailedGodwits, but to a lesser extent: peak numbers in the vicinity
ofSaemangeum(which includeaminorityofL. l.menzbieri)were
>18 000 in 2006, ~12 000 in 2007, and 16 500 in 2008 (Moores
et al. 2016).Although these countsmay also reflectmovements in
and out of the area, this drop and partial recovery roughly mirrors
patterns in both adult survival (Fig. 5) and census data (Fig. 1)
during the same years.

In the Yellow Sea, by far the most important site for Bar-
tailed Godwits is China’s Yalu Jiang National Nature Reserve,
Liaoning Province, where more than 49 000 L. l. baueri and
18 000 L. l. menzbieri individuals staged during March–May
2010–2012 (Choi et al. 2015); changes here could potentially
have the greatest effect on annual survival. In fact, the construc-
tion of a new seawall at the east end of the reserve, underway by
2009 (fig. S11 in Melville et al. 2016), has likely influenced tidal
flow and sediment deposition near the most important foraging
area for godwits. Thiswas followed by local population collapses
in two of the godwits’major benthic prey species, ghost shrimps
(Nihonotrypaea japonica) in 2011 and bivalves (Potamocorbula
laevis) in 2012 (Choi et al. 2014). Due to a lack of optimal-sized
and high-quality prey, total intake rates by godwits at Yalu Jiang
dropped ~50% from 2011 to 2012 (Choi 2015). These findings
suggest that godwits may find it increasingly difficult to prepare
adequately for the 5000–8000 km flight from Asia, resulting in
unusually high mortality en route or upon arrival in Alaska; this
may be particularly true if individual migration schedules are
endogenous and strictly adhered to (Conklin et al. 2010; Conklin
et al. 2013; but see Conklin and Battley 2011; Gill et al. 2014),
rather than condition-dependent. To date, bivalve communities
at Yalu Jiang have not recovered (H.B. Peng and D.S. Melville,
pers. obs.); therefore, a continuing effect on survival may persist
beyond our current data.

Our study beganwith several years of high adult survival, so it
is reasonable to question what caused the previous population
decline during 1994–2003. This steady ten-year decline was
unlikely to be primarily driven by so many consecutive years of
poor breeding conditions, although numbers of non-migrant
(predominantly immature) godwits in New Zealand were also
conspicuously lowduring 2002–2004 (Fig. 6).More importantly,
loss of staging areas in the Yellow Sea was particularly severe
during this period. For example, along the west coast of South
Korea alone there were at least 14 major intertidal reclamation
projects (affecting a total area of ~1100 km2) ongoing during
1995–2005 (Fig. 2 in Choi 2014), some ofwhich are still ongoing
in 2015. These areas include at least five sites where internation-
ally important numbers of Bar-tailed Godwits (predominantly
L. l. baueri) occurred during 1998–1999 (specifically: Dongjin
and Mangyung River estuaries, Haenam Hwangsan, Namyang
Bay, and Yeongjong Island, with summed high counts of
>22 000 individuals; Conklin et al. 2014). Loss or degradation
(e.g. due to pollution, aquaculture, etc.) of intertidal staging sites

was similarly widespread in China during this period (Murray
et al. 2014; Melville et al. 2016), including a major port devel-
opment adjacent to the Yalu Jiang National Nature Reserve.
Therefore, the most likely driver of the earlier decline was rapid
loss of migratory staging habitat associated with a drop in adult
survival, after which survival rebounded to a higher rate as the
population stabilised under newcircumstances. Such a scenario is
expected if a temporary perturbation (such as sudden habitat loss)
permanently reduces the carrying capacity of a system; after
the population stabilises at a lower but sustainable level, the
demographic drivers of the population decline (in this case,
reduced adult survival) will no longer be evident (Rakhimberdiev
et al. 2015).

Why did survival decline more in L. l. menzbieri
than in L. l. baueri?

While adult survival of L. l. baueri and menzbieri godwits was
similarly high (0.88–0.94) during 2006–2010, the drop in sur-
vival during 2011–2012 was much more drastic in the latter
(to 0.71) than the former (to 0.83; Fig. 5). The two populations
differ in many respects that could potentially affect their survival
probabilities, including: (1) non-breeding area (temperate
New Zealand vs tropical north-west Australia), (2) location of
staging sites in the Yellow Sea during northbound migration
(overlapping, but primarily east side vs west side; Wilson et al.
2007; Battley et al. 2012), (3) timing of staging in the Yellow Sea
(overlapping, but generally earlier vs later), (4) overall migration
distance (round-trip ~30 000 vs 20 000 km), (5) breeding
and post-breeding staging areas (Alaska vs eastern Siberia),
(6) southbound migration strategy (non-stop transoceanic vs
two-stage continental), and (7) degree of use of the Yellow Sea
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(northbound only vs northbound and southbound migration).
However, the simultaneous drops in survival during 2011–
2012 in the two populations suggests that a shared factor affected
them to differing degrees; therefore, we should most profitably
look at what they had in common during this period.

In L. l. menzbieri, analysis of seasonal survival probability
revealed that declines in adult survival were restricted to the
breeding and migration periods (i.e. time spent away from
Australia; Piersma et al. 2016). In L. l. baueri and menzbieri,
shared adult mortality in the breeding season would require
simultaneous (presumably environmental) changes affecting
Arctic regions separated by >1000 km and the Chukchi and
Bering Seas. This scenario seems unlikely, as annual conditions
are far from uniform across the Arctic; for example, mean July
temperatures in 2011 were 1�2�C above normal in the west
Siberian breeding range of L. l. menzbieri, but 0�2�C below
normal across much of the Alaska breeding range of L. l. baueri
(Tomkovich and Soloviev 2013). Likewise, poor conditions
during flights (e.g. devastating cyclones) are unlikely to similarly
affect populations with completely different routes and largely
different timing of migration. Therefore, we conclude that the
most likely driver of simultaneous survival declines in these
populations is their shared dependence on deteriorating intertidal
areas of the Yellow Sea for migratory refuelling.

Multiple spatial and temporal differences in their use of
Yellow Sea staging areas could lead to more rapidly declining
survival in L. l. menzbieri than in baueri. Although both popula-
tions make extended stops of ~4–6 weeks in the region during
northbound migration, L. l. baueri arrives in the Yellow Sea on
average two weeks earlier, stays for several days longer, and
generally uses more easterly staging areas (Battley et al. 2012;
Choi et al. 2015).While recent loss of intertidalwetlands has been
substantial in all parts of the Yellow Sea, it has been more severe
on the west coast (China), particularly in Bohai Bay, than on the
Korean Peninsula (Murray et al. 2014). Additionally, if intertidal
resources in the Yellow Sea are generally depleted throughout
the northward staging period (March–early June), we might
expect greater negative impacts on the condition of birds attempt-
ing to fuel later in the season. Either of these factors could explain
the more dramatically declining survival in L. l. menzbieri.

A more striking difference between the populations is that
New Zealand godwits, due to their non-stop trans-Pacific south-
bound migration, depend on the Yellow Sea only once per year,
on northbound migration. Despite an arguably more strenuous
southbound flight, L. l. baueri has the ‘luxury’ of staging on the
relatively pristine coast of south-westAlaska, featuringnegligible
anthropogenic effects and much less direct competition for
fuelling resources. In contrast, L. l. menzbieri passes through the
Yellow Sea region on both migrations, and therefore may suffer
two critical bottlenecks each year. Accordingly, in the EAAF,
migratory shorebird populationswith a greater dependence on the
Yellow Sea for staging are more likely to be declining (Amano
et al. 2012; Wilson et al. 2011; Iwamura et al. 2013).

Demographic consequences of declining adult survival

For long-lived organisms that mature and reproduce slowly,
changes in adult survival have a much greater impact on popu-
lation growth rates than do changes in annual reproduction rates

(Sæther andBakke2000); on theEAAF,Bar-tailedGodwits show
delayed maturity (McCaffery and Gill 2001) and can live more
than 25 years (Hassell 2013). Average adult annual survival of
~0.91 (as we observed during 2005–2010) was apparently suf-
ficient to maintain a stable or increasing population: during
this period, the New Zealand godwit population increased from
~73 000–76 000 in 2004–2006 to ~85 000 in 2011 (Fig. 1). Our
populationmatrixmodelling exercise indicated that a recruitment
rate (into the non-breeding population) of 0.10 was required to
maintain a stable population during 2005–2010, but that a
significant increase in reproductive output would be required to
maintain a stable population with the lower adult survival rates
observed in 2011 and 2012.

Meanwhile, counts of non-migratory godwits (those spending
the breeding season in New Zealand, which are presumed to be
predominantly young birds of <3 years of age) increased from
under 6000 in 2004 to ~14 000 in 2012, which was the highest
number and proportion of non-migrants observed since 1995
(Fig. 6). Increasing numbers of young godwits could reflect a
period of above average breeding conditions, ormight represent a
density-dependent response to the previous population decline
during 1994–2003. For example, lower numbers of competing
adults on post-breeding staging grounds in Alaska could increase
a juvenile’s probability of surviving its first southbound
migration; however, there is currently no evidence that godwits
are resource-limited in Alaska or New Zealand. An alternative,
but not mutually exclusive, explanation for growing non-migrant
numbers is that godwits are increasingly delaying maturity or
skipping migration as adults; there are currently insufficient data
to evaluate these possibilities.

It is perhaps premature to evaluate themagnitude of the recent
decline in adult survival (2011–2012) on absolute numbers of
godwits in New Zealand, particularly if a temporary surge of
reproduction is to some extent masking the expected decline.
Although not yet formally analysed, recent count data indeed
suggest a downward trend: despite a higher coverage of sites than
previous years, the November census totals in 2013–2014 de-
clined to ~75 000 godwits (OSNZ, unpubl. data), representing a
loss of ~10 000 individuals since 2011 (Fig. 1). Our projection of
5–6% decline per year should only be observed if adult survival
persists at the low rates observed in 2011–2012; if intertidal
staging sites in the Yellow Sea are indeed the limiting factor for
this population, this scenario would require continued degrada-
tion or disappearance of such sites. Otherwise, wemight expect a
density-dependent correction in which survival rates rebound as
the population stabilises at a new, lower level (Rakhimberdiev
et al. 2015), as presumably occurred after the previous decline
during 1994–2003.

Our study illustrates the limitations of relying on only a single
index (i.e. census numbers) to evaluate population viability.
Despite an apparently stable population during 2004–2012,
important demographic changes occurred in the New Zealand
Bar-tailed Godwit population, including a changing age structure
and decreasing adult survival. From the latter development, we
conclude that there is ample reason for concern about the future of
L. l. baueri, particularly as loss and degradation of intertidal
wetlands in the Yellow Sea continue at an alarming rate (Murray
et al. 2014;Melville et al. 2016). Ongoingmonitoring of survival
(via marked individuals), age structure, and total population
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numbers (winter and summer) in New Zealand will reveal the
demographic consequences of the recent drop in survival, and
whether it is eventually corrected or is a prelude to another
significant population decline.
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