Patterns and processesin shorebird survival rates: a global
review
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Changes in demographic rates underpin changesin populationsize,and understanding
demographic rates can greatly aid the design and development of strategies to maintain
populations in the face of environmental changes. However, acquiring estimates of
demographic parameters at relevant spatial scales is difficult. Measures of annual survival
rates canbe particularly challenging to obtain because large-scale, long-term tracking of
individualsis difficultand the resulting data containmanyinherentbiases. In recent
years, advances in both tracking and analytical techniques have meant that, for some tax-

onomic groups, sufficient numbers of survival estimates are available to allow variation

within and among species to be explored. Here we review published estimates of annual
adult survival ratesin shorebird species across the globe, and construct modelsto explore
the phylogenetic, geographic, seasonal and sex-based variation in survival rates. Models
of 295 survival estimates from 56 species show that survival rates calculated from recov-

eries of deadindividuals or from return rates of marked individuals are significantly lower
than estimates from mark—recapture models. Survival rates also vary across flyways, lar-
gely as a consequence of differencesin the generathathavebeen studied and the analyt-
ical methods used, with published estimates from the Americas and from smaller
shorebirds (Actitis, Calidris and Charadrius spp.) tending to be underestimated. By incor-
poratingthe analytical method used to generate each estimate within a mixed model
framework, we provide method-corrected species-specific and genus-specific adult annual
survival estimates for 52 species of 15 genera.
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B Globalenvironmental change has driven wide- species’ demographic rates across large spatial

spread biodiversity loss through direct and indirect
human impacts across the planet (Butchart et al.
2010). Understanding the demographic changes

that lead to changes in abundance of populations
is fundamental to designing strategiesto reduce or
reverse theirimpacts. However, for most species,

we lack information onkey demographic rates and

how theyvaryoverspace and time. Comparing

scales can help to identify regions, habitats or pop-
ulations under threat before detectable abundance
declines occur (Piersma et al. 2016). Although
measures of productivity are often readily quantifi-
able, survival rates, particularly oflong-lived, free-
ranging animals, can be very challenging to
estimate (Newton et al. 2016). However, over
recent decades, advances in tracking and modelling
techniques have greatly facilitated the estimation
of survival rates, with avian research being particu-

frlvastive oy thissfront (e MARKWhike, &
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The number of published estimates of avian sur-
vival rates has increased greatly in recent decades
and, in some groups, sufficient estimatesare avail-
able to allowexploration ofthelevel and potential
causesofvariation in survival rates.

Migratory shorebirds (also knownas waders)
havebeendescribed assentinels of global environ-
mental change due to their global distribution,
long migrationsand complex habitat use (Piersma
& Lindstrém 2004). This group includes some of
the northernmost breeding terrestrial vertebrates
on the planet, with most populations breeding in
the arctic and subarctic zones but several also
breeding in temperate and tropical areas (Delany
et al. 2009). Duringthe non-breeding season,
migratory shorebirds occupy temperate and tropi-
cal coastal areas and, in some cases, also inland
wetlandsand other openhabitats (Hayman et al.
1986,vande Kametal.2004). These ecosystems
are currently among the most severely affected by
environmental change, through processes such as
global warming, sealevel rise and land claim
(Sutherland et al. 2012). Many shorebird popula-
tions are currently declining (Delany et al. 2009,
Pearce-Higgins et al. 2017),some very rapidly
(e.g. Black-tailed Godwit Limosa limosa limosa;
Kentie et al. 2016) and to the point of being
threatened with global extinction (e.g. Spoon-
billed Sandpiper Calidris pygmaea; Zéckler et al.
2010). Although populationdeclineshave been
reported acrossall the main shorebird flyways,
their causes are not easy to identify (Hétker et al.
1998). Pinpointing factors that influence popula-
tion changerequires anunderstandingofthe
demographic rates operating in different popula-
tions, speciesand flyways throughoutthe world.

Comparative analyses of shorebird survival rates
are scarce (but see Boyd 1962, Evans & Pien-
kowski1984, Roodbergenetal. 2012)and have
until recentlybeenlimited to relatively few species
(mainly those in Europe and North America). Fur-
thermore, the variation in survival estimates
revealed in comparative analyses canreflect varia-
tion not onlyin true survival butalso in sources of
error from different estimation methods. Methods
that allow estimation of true survival (i.e. the
probability of an individual being alive over a
given period) are likely to produce higher annual
survival estimates than methods that estimate
apparent (also known aslocal survival) or mini-
mum survival based onreturnratesto specified
locations. For example, return rates (the

proportion of marked individuals that return to a
given location) are likely to underestimate annual
survival rates, as imperfections in the observation
process are ignored (Lebreton et al. 1992, 1993)
and no distinction is made between permanent
emigration and mortality. Moreover, models that
do not take into account variation in resighting or
recapture probability, for example as a result of
variation in detectability or observer effort (Pollock
1982, Kendall & Bjorkland 2001), can also result
in underestimation. It is therefore important that
the estimation method used to calculate survival
rates is taken into account in comparative analyses
(see Supporting Information material for full
description of the methods most commonly used).
Estimates of annual survival rates may also differ
depending on the seasonal timing of capture and
recapture or resighting, This could be due to sea-
sonal variation in site-fidelity or detectability lead-
ing to different estimates of annual survival
quantified between breeding seasons than between
non-breeding seasons (Evans & Pienkowski1984).

Variation in annual survival rates may also be
the product of particular biological traits and eco-
logical factors. The positive relationship between
longevity and body size is well established (Boyd
1962, Szekely et al. 2014) and survival rates may
also vary in relation to nesting location, migratory
status, sex and species’ range. Ground-nesting
shorebirds breeding at higher latitudes may benefit
from lower predation risks (van der Wal & Palmer
2008, McKinnon et al. 2010) and, among birds
generally, adult females often have lower survival
rates than males (Liker & Székely 2005). Sex-
biased survival may result from differences in body
size, reproductive investment (e.g. mating system,
parental care and cost of reproduction) or preda-
tion pressures (Liker & Széekely 2005, Donald
2007, Székely et al. 2014), but sex-differences in
dispersal behaviour (Tavecchia et al. 2002, Paka-
nen et al. 2015) and detection rates (Sandercock
et al. 2005) can further complicate these
estimates.

Most shorebird speciesmake an annual round-
trip migration between their breeding and
wintering grounds, and environmental conditions
at locations along these routes may influence
annual survival rates. Decreases in annual survival
rates and population sizes of several shorebird spe-
cies using the East Asian-Australasian flyway have
recently been reported and directly linked to the
loss of coastal wetland habitats in the Yellow Sea



(Conklin et al. 2016, Piersma et al. 2016). Varia-
tion in shorebird survival rates across flyways may
therefore reflect different environmental conditions
and levels of habitat change.

The increasing number of published estimates
of survival rates means that we are now able to
examine how these estimates vary across species
and between flyways. Here, we collate survival
estimates of shorebird species from published stud-
ies and grey literature to examine the magnitude
of variation in annual survival rates for this group
and how much of that variation is associated with
estimation method and how much with the biol-
ogy of the species. Specifically, we explore the
effectofestimation method on survival estimates
and derive species-and genus-specificannual sur-
vival estimates corrected for estimation method.
Then, while controlling for method, we investigate
variation inshorebird annual survival asa function
of body mass, genus, flyway, season of measure-
ment and sex.

METHODS

pata extiracuon

Survival estimates

In September 2016, we searched Web of Science,
SCOPUS and the Internet (Google search engine)
using Englishlanguage termsto identify relevant
published and unpublished studies (e.g.reports
and research theses). We used the followingterms
in the following combinations: (wader OR shore-
bird) AND (survival or demography) AND
(adult). Studiesofegg, chick andjuvenile survival
werenotconsidered. Bibliographies of sources
selected from these searches were subsequently
searched forrelevant additionalinformation. We
extracted the following parametersfromthese
sources: (1) species survival estimate (T se), with
separate estimates foradult male and adult female,

whereavailable; (2) type ot data used (dead recov-
eries and/or live encounters); (3) estimation

method used; (4) season of measurement (either
non-breedingto non-breedingorbreeding to
breeding season); and (5) study location.

Analytical methods used for estimating survival rates

A range of statistical methods for analyses of
recoveryofdead individuals or encounters/recap-
ture ofliveindividualshave been developed and
thesetechniqueshave advanced greatly in recent

decades (reviewed in Sandercock 2003, 2006 and
summarized in Appendix S1). As the use of differ-
ent methods can generate different estimates, sur-
vival estimates were categorized by the data and
estimation method used, as follows: (1) return
rates (the proportion of marked individuals that
are recaptured/resighted in subsequent years); (2)
mark-—recapture models (standard and modified
Cormack-Jolly-Seber (CJS) models; apparent sur-
vival rates from live encounter data accounting for
recapture/resighting rate); (3) dead recovery mod-
els (apparent survival rates from dead recovery
data accounting for recovery rate) and old dead
recovery models (apparent survival rates assuming
that annual survival and recovery rates are con-
stant through time using only the recovery data
and not the number of birds ringed; Haldane
1955); and (4) more complex models that separate
apparent survival into estimates of true survival
and site fidelity, from live encounter (e.g. Barker
and multi-state models) and live encounter and
recovery data (e.g. Burnham model), both
accounting for resighting/recovery rates (Table 1).
Survival estimates from radiotelemetry tracking
studiesare only available fora verylimited num-
ber ofshorebird species and for short periods
(daily orseasonal survival), hence these were not
includedin this study.

Body mass
We extracted body mass (in g) for each species
from BTO Bird Facts (Robinson 2005) or, when
absentin that source, fromthe Encyclopedia of
Life website (EOL; http://eol.org/).

Flyway
Fly ways describe the migration routes used by

shorebird populations moving between breeding
and wintering areas, delimiting populationsat large
scales(Boere & Stroud 2006). We grouped species
into four major flyways: American (comprises the
eastern Pacific, Mississippl and western Atlantic
flyways), African-Eurasian (includes east Atlantic,
Mediterranean/Black Sea and West Asia/East
Africaflyways), Central Asian (comprises only this
flyway)and East Asian-Australasian flyways (in-
cludesEast Asia/Australasiaand fareast Russia/
Alaska to the Pacific Islands fly ways).

Data analysis
Estimates of survivalin the year immediately after
first capture (usually referredto as ®) tend tobe
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Table 1. Annual adult survival estimatesof shorebirdscollated from the literature and predicted from a generalized linear model (GLM) in which survival rateswere modelled
as a function of speciesand estimation method.

Species Location Method Range Adult Male Female Source
Actitis hypoleucos Europe Retumn rates B 0.61-0.81 2
Europe Old dead recovery 0.52-0.79 =3
GLM 0.718+y 0.033 Thisstudy
Actitis macularia USA Return rates 0.5-0.61 0.29-0.63 0.26-0.63 9
GLM 0.497¢ 0.023 0.490 0.026 0.415¢ 0.025 Thisstudy
Anarhynchus frontalis New Zealand Return rates W 0.83 o
GLM 0.8367 0.037 Thisstudy
Arenaria interpres Europe Return rates B 0.78-0.85 89
Europe Return rates W 0.72-0.86 o
Europe Old dead recovery 0.66 s
GLM 0.809T 0.020 Thisstudy
Arenaria melanocephala Alaska Return rates B 0.84 0.88 0.79 2
GLM 0.842T 0.022 0.852T 0.020 0.810T 0.025 Thisstudy
Burhinus oedicnemus Europe Dead recovery 0.83 B
GLM 0.832T 0.039 Thisstudy
Calidris alba Europe Return rates B 0.83 ?
Europe Old dead recovery 0.56 8
GLM 0.836T 0.037 Thisstudy
Calidris alpina Europe Return rates B 0.73-0.83 s
USA Mark-recapture W 0.53-0.73 1
Europe Old dead recovery 0.62 ®
GLM 0.762T 0.017 Thisstudy
Calidris canutus Europe Old dead recovery W 0.68-0.79 s
Europe Dead recovery W 0.74-0.88 18
USA, Argentina Mark-recapture SO 0.62-0.98 1920
Europe, Argentina, Chile  Mark-recapture w 0.56-1 12
Mauritania Mark-recapture w 0.77-0.83 >
USA Mark-recapture e} 0.92 =
GLM 0.8017 0.011 Thisstudy
Calidris ferruginea Australia Mark-recapture W 0.73 #
Europe Old dead recovery 0.67 8
GLM 0.709t 0.047 Thisstudy
Calidris himantopus Canada Return rates 0.53 »
GLM 0.540 0.051 Thisstudy
Calidris maritima Europe Return rates B 0.8 "
Europe Return rates W 0.66 »
Europe Mark-recapture w 0.72-0.80 7%
GLM 0.736 T0.019 Thisstudy

(continued)



Table 1. (continued)

Species Location Method Range Adult Male Female Source
Calidris mauri Central America Return rates w 0.56 0.54 0.62 230
Alaska Return rates B 0.58-0.65 0.4-0.49 st
Central America Mark-recapture w 0.48 0.47-0.54 0.62 s
Alaska Mark-recapture B 0.57 0.78 0.65 a8
GLM 0558 T 0.015 0.604 T 0.015 0.529 T0.015 Thisstudy
Calidns mnutilia Canada Return rates B 0.b4 0.65 0.38 >
GLM 0533 T 0.031 0.551 T 0.030 0.476 T0.030 Thisstudy
Calidris pusilia Canada Return rates B 0.7/3 0./6 U.o/ o
USA Return rates SO 0.4 8
Canada, Alaska Mark-recapture B 0.61-0.73 0.56—0.59 .39
Central America Mark-recapture w 0.65 o
GLM 0608 T 0.018 0.681T 0.018 0.611 T0.020 Thisstudy
Calidns pygmaea Russia Return rates 0.66
GLM 0.669 T 0.048 Thisstudy
Calidns ruticollis Return rates B 0.8 ™
Australia Mark-recapture w 0.72 2
GLM 0.754 T0.031 Thisstudy
Calidrns temmnckii Europe Return rates B 0.63-0./6 0.79 U.rlL o
Europe Mark-recapture B 0.69 4
GLM 0.720 T0.021 0.774 T0.024 0.717 T0.028 Thisstudy
Charadrius alexandrinus Europe Return rates B U.b5
Europe Old dead recovery 0.6 3
Turkey Mark-recapture B 0.64 0.63 0.64 ®
GLM 0.593 T 0.030 0.670 T0.033 0.6 T0.036 Thisstudy
Charadrius dubius Europe Old dead recovery 0.65 °
GLM 0.616 T0.030 (Toniss stwet))
Charadrius hiaticula Europe Return rates B 0.59-0.8 -
Europe Old dead recovery 0.58 3
GLM 0.721 T0.024 Thisstudy
Charadrius marginatus South Atrica Mark-recapture B 0.88
South Africa Mark-recapture B 0.9 0.87 0.93 a
GLM 0.885 T0.017 0.91 T0.016 0.882 T0.020 Thisstudy
Charadrus melodus USA, Canada Return rates B 0./4 0.15 u.ob -
USA Mark-recapture B 0.66-0.74 051
USA Mark-recapture B 0.74 %2
Canada Mark-recapture B 0.73 s
USA Complex B 0.7 o
GLM 0.705 T0.014 0.729 T0.019 0.664 T0.021 Thisstudy
Charadrius montanus USA Mark-recapture B 0.68-0.87 o
GLM 0.756 T0.032 Thisstudy




Species

Charadrius nivosus

Charadrius obscurus

Charadrius sanctaehelenae

Charadrius semipalmatus

Gallinago gallinago

Haematopus bachmani

Haematopus finschi

Haematopus ostralegus

Haematopus palliatus

Location

USA
USA
USA

New Zealand
Saint Helena
Canada
Canada
Europe
Europe
Europe
Canada

New Zealand
Europe
Europe
Europe
Europe
Europe
Europe

USA

USA
USA

Table 1. (continued)

Method

Return rates
Mark-recapture
Complex

GLM
Mark-recapture
GLM
Mark-recapture
GLM

Return rates
Mark-recapture
Mark-recapture
GLM

Old dead recovery
Mark-recapture
Mark-recapture
GLM

Return rates
GLM

Complex

GLM

Return rates
Return rates
Old dead recovery
Dead recovery
Mark-recapture
Complex

GLM
Mark-recapture
Complex
Return rates

GLM

Range

B
B
B

o @

SO
SO

w =

w =

oW w

Adult

0.74

0.652y 0.014
0.92
0.912y 0.030
0.83
0.778y 0.031

0.71
0.77

0.639T 0.021
0.48

0.76

0.75

0.611T 0.026
0.96

0.962T 0.019
0.89

0.895 0.031
0.89-0.986
0.89

0.84
0.87-0.91
0.92
0.85-0.87
0.890 T0.009
0.81-0.95
0.94

0.85

0.89289Y1 TU.012

Male

0.58-0.79
0.64-0.69
0.73

0.691 0.014

0.6

0.644T 0.024

0.91

0.892 T0.021

Female

0.51-0.73
0.57-0.69
0.69

0.622y 0.015

0.41

0.571T 0.026

0.84

0.858 T0.026

Source

57-59
60,61
62

Thisstudy
63
Thisstudy
64

Thisstudy
65

66
67

Thisstudy
3

68
68

Thisstudy
69
Thisstudy
70

Thisstudy

71-73
74

3

18,75
76
77

Thisstudy

oL

I nisstudy

(continued)



Table 1. (continued)

Species Location Method Range Adult Male Female Source
Limosa lapponica Europe Return rates B 0.88 °
Europe Old dead recovery 0.6 s
GLM 0.862 T0.018 Thisstudy
Limosa limosa Europe Return rates B 0.81-0.95 -
Europe Old dead recovery 0.7 3
Europe Dead recovery 0.77-0.8 8.8
Europe Mark-recapture B 0.95 &
Europe Mark-recapture W 0.87-0.94 8.8
Europe Mark-recapture B 0.62-0.96 &
Europe Complex B 0.7-0.93 o9
GLM 0.857 T0.009 Thisstudy
Lymnocryptes minimus Europe Old dead recovery 0.24 3
GLM NA Thisstudy
Numenius americanus USA Mark-recapture B 0.85 o
GLM 0.836 T0.039 Thisstudy
Numenius arquata Europe Return rates B 0.82-0.89 -
Europe Old dead recovery 0.74-0.75 397
Europe Mark-recapture w 0.9 *®
GLM 0.864 T 0.013
Numenius phaeopus Europe Return rates 0./1-0.8Y 0./ 2-0.87 0.5-0.68 o
Europe Old dead recovery 0.69 3
GLM 0.744T 0.021 0.761 T 0.019 0.701T 0.022 Thisstudy
Numenius tahitiensis Hawaii Mark-recapture w 0.85 102
GLM 0.836T 0.039 Thisstudy
Philomachus pugnax Europe Old dead recovery 0.52 0.5 0.59 s
Europe Mark-recapture SO 0.64-0.74 0.51-0.73 108
GLM 0.631 0.026 0.689 1 0.023 0.621¢ 0.025 Thisstudy
Pluvialis apricaria Europe Return rates B 0.72 0.73 0.7 104
Europe Mark-recapture w 0.55-0.73 108
Europe Old dead recovery 0.54-0.61 s
Europe Dead recovery W 0.65 100
Europe Complex w 0.83 1%
GLM 0.6924 0.017 0.740 1 0.026 0.677 0.029 Thisstudy
Pluvialis fulva Hawaii Return rates w 0.82 o7
Hawaii Mark-recapture w 0.67-0.8 1o
GLM 0.7531 0.026 Thisstudy
Recurvirostra avosetta Europe Old dead recovery 0.62 s
GLM NA Thisstudy
Scolopax minor USA Dead recovery 0.49 0.52-0.58 0.23-0.39 108109
GLM 0.499 T0.030 0.535 T0.026 0.460 T0.026 Thisstudy

(continued)



Table 1. (continued)

Species Location Method Range Adult Male Female Source
Scolopax rusticola Europe Old dead recovery 0.54-0.63 duo1tL
Europe Dead recovery w 0.44 n2
GLM 0.443 T0.054 Thisstudy
Tringa glareola Europe Old dead recovery 0.54 s
Europe Mark-recapture SO 0.71 68
GLM 0.690 683 0.035 Thisstudy
Tringa ochropus Europe Return rates w 0.83 w
GLM 0.845 0.036 Thisstudy
Tringa semipalmatus USA Return rates B 0.73 e
GLM 0.7381 0.044 Thisstudy
Tringa totanus Europe Return rates B 0.71-0.78 1
Europe Mark-recapture B 0.75 0.72 e
Europe Mark-recapture B 0.8 e
Europe Mark-recapture w 0.73-0.93 118
Europe Mark-recapture w 0.67-0.74 e
Europe Old dead recovery 0.69 ®
GLM 0.780 0.012 0.778T 0.024 0.721 0.028 Thisstudy
Vanellus gregarius Central Asia Mark-recapture 0.66 120
GLM 0.636 0.050 Thisstudy
Vanellus vanellus Europe Old dead recovery 0.66-0.70 312
Europe Dead recovery 0.75-0.83 122,123
Europe Complex 0.83 24
Europe Return rates B 0.74 12
Europe Mark-recapture B 0.76 126
GLM 0.790 T0.019 Thisstudy

Predictionsare provided with associated standard error. Range indicateswhether survival wasmeasured in breeding (B), winte ring (W) or stopover (SO) locations. Refer-

encesare found in Appendix S2.



lower than survival estimates in subsequent years
(usually referred to as ®=+), possibly reflecting cap-
ture and handling effectsortheinclusion of tran-
sient birds that have lower subsequent resighting
probabilities (Sandercock 2006). When both esti-
mateswere providedin the original study, only
estimates of adult survival in years after capture
(®=+) were used in our analyses. Because not all
variables of interest are provided in all original
studies, we used different subsets of data in sepa-
rate generalized linear mixed models (GLMMs) to
explore (1) methodological and (2) biological and
environmental factors that might contribute to
variation in annual survival rates.

Methodological factors. To quantify the influence of
analytical method on the survival estimates
reported in each study, we used a GLMM in
which survival rates were modelled with
estimation method as a fixed effect and species as
arandom effectto account for variable numbers of
estimates from each species. We used a logit link
function and binomial error distribution using the
glmerfunction fromthe Ime4 package (Bateset al.
2015) in r 3.2.2 (R Core Team, 2015). We first
used the whole dataset and then excluded
estimates derived from old recovery methods
(Haldane1955) because thelatter canresult in
low (and unreliable) survival estimates
(Roodbergenetal.2012), and the estimates
derived fromthese early recovery models did
indeed significantly reduce the mean survival rates
estimated by the recovery models. We made
pairwise comparisons of estimation methods by
computing the least-squares means and using a
Tukey adjustment (Ismeans package; Lenth2016).
To provide estimates of species-level survival
ratesfrompublished sourcesthattake account of
the estimation method used, we used a generalized
linear model (GLM) with logit link function and
binomialerror distribution to model survivalas a
functionofspecies and estimation method.

Biological and environmental factors. To understand
the variation in survival estimates among genera
and flywaysandin relationto body mass, we
modelled survival estimates asa functionof genus,
flyway,body mass(onalogescale) and estimation
method using a GLMM withlogitlink function
and binomial error distribution, with species as
random effect to account for variable numbers of
estimates from each species. Totestfor significant

differences between groups within ‘fiyway’ and
‘genus’, we performed pairwise comparisons
computing the least-squares means using a Tukey
adjustment with the Ismeans package.

To test whether annual survival rates vary with
season of measurement, we divided our data in
subsets by selecting those species with survival
estimates quantified on either the breeding or win-
tering grounds. We did not include estimates mea-
sured at stopover sites, as these were only
available for four species (Calidris canutus, Calidris
pusilla, Gallinago gallinago and Tringa glareola) or
studies which mixed data from both wintering and
breeding seasons. We modelled survival estimates
using the same GLMM described above adding
‘Season’ as a fixed effect.

To test for sex-differences in annual survival
rates, we selected data from studies where survival
differences between sexes were explicitly tested. If
survival rates varied significantly between males
and females in the original study, separate survival
estimates for females and males were extracted.
However, if there were no significant differences
between the sexes, only one estimate for adults
was used. We modelled survival estimates as a
function of sex (three categories: female, male,
adult) and estimation method using a GLMM with
logit link function and binomial error distribution,
with species as random effect to account for vari-
able numbers of estimates from each species.
Other explanatory variables were not included in
the model as there were insufficient data to fit all
the variablesin the model.

RESULTS

We extracted annual survival rates for 56 species
from five families, totalling 126 studies and 295
survival estimates (Fig. 1, Table 1). Annual sur-
vival rates have been estimated at least once for
approximately 50% of species in the Haematopo -
didae, over 30 % of species in the Scolopacidae and
Recurvirostridae, and < 30% of species among the
Charadriidae and Burhinidae (Fig. 1a). The num-
ber of estimates available for each species also var-
ies, with more than 11 estimates for species such
as Eurasian Oystercatcher Haematopus ostralegus,
Common Redshank Tringa totanus and Black-tailed
Godwit L. limosa, but only one or two for most of
the remaining species. Most studies were of species
using the African-Furasian and American flyways,
whereas survival estimates for species on the
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Central Asianand East Asian-Australasian flyways
were absent or scarce, respectively (Fig. 1b).
Although the number of published survival esti-
mateshascontinued to growforspeciesin the
Charadriidae, Scolopacidae and Haematopodidae,
there are very few survival estimates for Burhini-
dae and Recurvirostridae,and these are from
beforethe 1980s (Fig.1c).

Live encounter data were most commonly used
to generate annual survival through mark-

recapture models or return rates (Table 2). Esti-
mates from dead recovery models were available
for most species on the African-FEurasian flyway,
only one on the American flyway and none on the
East Asian-Australasian flyway (Table 2). More
complex models have been used less frequently
and for a limited number of species, mostly on the
African-Eurasian flyway (Table 2). For Actitis,
Anarhynchus, Arenaria, Burhinus, Lymnocryptes,
Recurvirostra and Scolopax, only survival estimates



derived from return rates and/or dead recovery
models were available and several of these were
estimates computed using with Haldane’s methods
(Table 2).

Most studieswere carried out during the breed-
ing season, with individualsbeingboth marked
and recaptured, resighted or recovered during the
breeding season. Asaresult, over 63% ofthe sur-
vival estimates originated from the breeding
grounds, with 31% measured on the wintering
groundsand 6% at stopover sites.

Factors affecting annual survival rates
of adult shorebirds

On average,adultsurvival estimates were high for
shorebird species, with most ranging between 0.7
and 0.9 (see entire range of survival estimates for
shorebirds in Table 1). However, some survival
estimates wereverylow (e.g. Spotted Sandpiper
Actitis macularia from return rates; male=0.29,
female= 0.26; Table1).

Methodological factors

Estimates of annual survival rates varied signifi-
cantly depending ontheestimationmethod from
whichtheywere generated (Table 3). Dead

recovery models produced significantly lower esti-
mates than other methods and return rates were
lower than mark-recapture survival estimates
(Table 3). However, when survival estimates
derived from old recovery models (Haldane’s)
were excluded, the only remaining difference was
that estimates from return rates were significantly
lower than those from mark-recapture methods
(Table 3). For Lymnocryptes spp. and Recurvirostra
Spp., the only estimates available were from Hal-
dane’s method (Table 1) and these species were
therefore notincluded in subsequent analyses.

Biological and environmental factors

Body mass, genus and flyway. Annual adult survival
increased with body mass (model slope on logit
scale 0.51 P.12 se, P < 0.0001; Fig. 2a). Our
predicted survival rates on the American flyway
were higher than observed survival rates, whereas
model predictions and observed estimates were
much closer for the other flyways (Fig. 2b,
Table 4). Mean survival rate of species in the
American flyway was significantly lower than for
species in the African-Eurasian flyway (Tukey-
adjusted comparisons, P = 0.02; Fig. 2b, see
Table 4 for estimates). Survival rates of species on

Table 2. Summary of adult annual survival estimates available for each genus, across flyways (A = American, AE = African-Eura-

sian, EAA = East Asian-Australasian) and the method used.

Return rate Mark-recapture Complex Dead recovery
A AE EAA A AE EAA A AE EAA A AE EAA

Actitis 6 2 2(2)
Charadrius 10 5 21 11 1 5 3@)
Anarhynchus 1 1(1)
Lymnocryptes 1)
Calidris 17 11 2 22 12 3 7(5)
Gallinago 2 2 1)
Arenaria 3 4

Tringa 1 5 13 2
Philomachus 4 33)
Pluvialis 3 1 5 2 1 2(2)
Scolopax 5 5(4)
Vanellus 1 1 1 5(2)
Limosa 3 8 3 4 3(2)
Recurvirostra 1(1)
Burhinus L
Haematopus 2 5 4 1 2 2 1 5(1)
Numenius 10 1 3 1 3(3)

Numbers between brackets indicate estimates from Haldane’s recovery models (a subset of dead recovery models). Genus in

ascending order of mean body mass.



Table 3. Parameter estimatesderived from a generalized linear mixed model with a logit link distribution and binomial error distribu-

tion, in which survival rates were modelled as a function of estimation method, with species asrandom effect using: (a) all 278 esti-
matesand (b) excluding 33 estimatesfrom Haldane’searly recovery models.

Method Probability se LCL
(@) Dead recovery 0.658 0.022 0.613
Complex 0.739 0.021 0.695
Mark-recapture 0.767 0.017 0.733
Return rates 0.744 0.018 0.707
(b) Dead recovery 0.743 0.025 0.690
Complex 0.744 0.022 0.700
Mark-recapture 0.771 0.017 0.736
Return rates 0.744 0.018 0.707

Tukey-adjusted comparisons

uCL Complex Mark-recapture Return rates
0.700 < 0.0001 <0.0001 <0.0001
0.779 0.150 0.987
0.799 0.008
0.778

0.790 1.000 0.505 0.999
0.784 0.183 1.000
0.802 0.003
0.779

Lower (LCL) and upper (UCL) confidence levels are 95%. Significant P-values of Tukey-adjusted comparisons across methodsin

bold.

the East Asian-Australasian flyway did not differ
significantly from those of African-Eurasian
(P =0.95) and American (P =0.10) flyways.
However, mostspecies for which estimateswere
available on the American and East Asian-
Australasian flyways were smaller-bodied than
those available for analysis on the African-Eurasian
flyway (Table 2).

Annual adult survival also varied between gen-
era, with the highest estimates from Haematopus
and Limosaspp.andthelowest estimates from
Scolopaxand Actitis spp. (Fig.2c, Tables 1and 4).
Our model predicted higher estimated annual sur-
vival thanwasobserved for seven genera, with
Actitis, Calidris and Charadrius spp. exhibiting the
greatestdeviation from observed values (Fig. 2c,
Table 4). For the remaining genera, the model
tended to predictslightly lower survival rates than
were observed, with Numenius spp. showing the
greatest deviation from observed estimates of
annual survival. Only one estimate was available
for Anarhynchus and Burhinus, thus results for

thesegeneramustbeinterpreted with caution.

Season of measurement and sex. We found eight
generawith survival estimatesmeasured on both
breeding and wintering grounds (Arenaria,
Calidris, Haematopus, Limosa, Numenius, Pluvialis,
Tringa and Vanellus)but survival estimates did not
differ  significantly between seasons of
measurement (predicted estimate on wintering
grounds 0.8104 0.012se,n= 68 andin breeding
grounds 0.806.|- 0.012se, n=89; P=0.65). For

species where sex differences were tested in the

original study, females had significantly lower
average annual survival rates (predicted estimate
0.664T 0.039, Confidence interval (CI) 0.585—
0.735)) than males (0.728T 0.034, CI 0.656—
0.790) and adults where the sexeswere pooled

(0.724T 0.035, CI 0.650-0.787; P <0.0003;

Fig. 3).

DISCUSSION

Comparing shorebird survival rates globally pro-
vides insight into demographic processes o perating
at verylargescales, establishes baseline survival
estimates and identifiesgapsin our current knowl-
edge ofthe demography ofthisgroup. Inaddition
we havebeen able to derive corrected and more
robust annual survival rates by accounting for ana-
lytical methods used in published estimates
(Table1).

Annual survival estimates of shorebird:
where are the currentgaps?

Shorebirds are a diverse group, comprising approx-
imately 215 species unevenly distributed among
14 families (Colwell 2010), and although they are
popular study organisms, long-term studies ofpop-
ulation dynamics are still rare. Just over 25% of
species have published annual survival estimates
and these are unequally distributed among a small
number of families. Only one or two estimates are
available for each species, with the exceptions of
Eurasian Opystercatcher, Redshank, Black-tailed
Godwitand Piping Plover Charadrius melodus, for
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flyway and (c) genera. In all cases, blackdots
e represent mean back-transformed predictions

from the generalized linear mixed model including all the predictorswith dashed lines representing se.

whichat least 10 estimates each are available.
These are some of the very few species that have
been the focus of long-term monitoring pro-
grammes (e.g. Eurasian Oystercatcher: vande Pol
etal. 2010, Black-tailed Godwit: Gill etal. 2001,
Alves et al. 2013a, Piping Plover: Calvert et al.
2006, LeDee etal. 2010, Catlin etal. 2015) but
for the great majority of shorebird species, moni-
toring programmes capable of generating demo-
graphic estimatestendto beless well established
and to last for shorter time periods. In addition,
there are more survival estimates available for fam-
ilies with species that have broad distributions
(e.g. sandpipers and oystercatchers) than families
with species that tend to be more restricted in
their distributions (e.g. Thick-knees, Burhinidae).
Thereis also geographical disparity in the avail-
ability of information on shorebird survival. In par-
ticular, studiesfromthe African-Eurasian and
North American flyways, where ringingdata have
been available since theearly 1900s(Boyd 1962),
are more common than studies from other flyways.
For example, we could locate no published

survival estimates from shorebirds on the Central-
Asian flyway and only 15 from the East-Asian
Australasian flyway, although the number of esti-
matesfromthelatter flywayhasincreasedin

recent years (e.g. Conklinetal. 2014, Piersma
et al. 2016) as rapid environmental changes and
severe population declines in shorebirds have
become increasingly apparent.

Methodological drivers of variation in
shorebird annual survival estimates

Most of the published estimates of adult annual
survival have been generated using live encounter
dataand associated analytical methods, resultingin
estimates that represent minimum or apparent sur-
vival. The use of recovery data alone or combined
with live encounter data has been limited to a few
species occurring in the African-Eurasian flyway,
particularly in Europe, where long-term and well
established ringing programmes have resulted in
large numbers of shorebirds being ringed and
recaptured orrecovered (Paradiset al. 1998,



Table 4. Mean survival rates, standard errorsand parameter estimatesderived from a generalized linear mixed model where survival
rates were modelled asa function of body mass, flyway, genusand estimation method, with speciesasrandom effect.

Observed Estimated Lower Upper
survival se survival se confidence level confidence leve
Flyway
African Eurasian 0.779 0.010 0.775 0.013 0.749 0.799
East Asian-Australasian 0.806 0.020 0.782 0.021 0.737 0.820
American 0.667 0.015 0.732 0.018 0.695 0.766
Genus

Actitis 0.543 0.066 0.764 0.050 0.654 0.847
Anarhynchus 0.830 NA 0.897 0.039 0.791 0.952
Arenaria 0.817 0.021 0.858 0.028 0.794 0.904
Burhinus 0.830 NA 0.749 0.077 0.573 0.870
Calidris 0.691 0.017 0.827 0.029 0.762 0.876
Charadrius 0.700 0.015 0.830 0.026 0.773 0.875
Gallinago 0.617 0.081 0.657 0.069 0.512 0.778
Haematopus 0.893 0.008 0.844 0.030 0.777 0.894
Limosa 0.863 0.021 0.812 0.034 0.736 0.870
Numenius 0.820 0.028 0.714 0.045 0.618 0.794
Philomachus 0.655 0.053 0.630 0.071 0.484 0.755
Pluvialis 0.716 0.025 0.708 0.044 0.615 0.786
Scolopax 0.487 0.035 0.472 0.060 0.358 0.588
Tringa 0.781 0.015 0.797 0.029 0.734 0.849
Vanellus 0.765 0.026 0.694 0.050 0.588 0.782

Piersmaetal. 2005, Robinsonetal.2007). The
degreeto whichmodelsthat generate estimates of
true survival differ from estimatesofapparent sur
vival dependsonthe proportion ofindividuals tha
emigrate (Sandercock2003,2006). However, we
found no systematic differences between estimate;

0.8 —

0.7 o

Survival

0.6

0.5

Adult Female

Figure 3. Variation on annual survival ratesfor studiestesting
forsex differences, with blackdotsrepresenting observed data

(mean  se) and grey dots (mean ¢ se) model predictions.
Estimates for which sex differences were not significant in the
original study are includedin the Adult category.

generated through recovery or more complex
models and those generated via mark-recapture
models, which is likely to reflect the fact that most
shorebirds are highly site-faithful, returning to the
same breeding and non-breeding sites throughout
their life (Burton & Evans 1997, Leyrer et al.
2006, Catry et al. 2012). Recovery and more com-
plex models could fail to account for permanent
emigration out of study areas if data collection
were restricted to specific sites, resulting in esti-
mates of apparent rather than true annual survival
(Cohen et al. 2006, Roodbergen et al. 2008).
Thus, although estimating true survival is most
desirable, for shorebirds estimating apparent sur-
vival provides a good indication of this demo-
graphic parameter.

As expected, return rates generated lower esti-
mates of survival, as these do not account for
resighting/recapture probability. Although return
rates can be biased estimates oftrue survival (San-
dercock 2003), they can be potentially useful as an
index of survival (always considered as minimum
survival) when no other information is known and
when the resources or capacity needed for more
complex modelling are not available. Along with
high site-fidelity, most shorebirds are very conspic-
uous during both the breeding season (particularly
during display and chick-rearing) and non-breeding



season (whenmany flock in large numbers and
occur in open habitat), providing high resighting
rates. Consequently, high return rates are very
likely to reflect high rates of true survival; how-
ever, moderate return rates should be interpreted
with caution as variation in site-fidelity or detec-
tion ratescould beinvolved (Sandercock 2003).

Biological and environmental drivers of
variation in annual survival

As expected,andin accordance with well-estab-
lished allometric relationships (Boyd 1962), annual
adult survival varied positively with (loge-trans-
formed) body mass, evenwhen controlling for
phylogeny, migratory flyways and estimation
methodology. Interestingly, the variation in sur-
vival within smaller species appeared to be much
greaterthan withinlarger-bodied species. For
example, estimated survival for Western Sandpiper
Calidris mauri and Snowy Plover Charadrius nivo-
sus (two small speciesofc. 27—41 g) differby
about 30%, whereas survival estimates for Eurasian
Oy stercatcher and Eurasian Curlew Numenius
arquata (c. 540784 g) differ by < 10% (Table 1).
The variabilityin survival estimates of small
wadersmay reflect greater variability in detectabil-
ity (Johnston etal. 2014) but smaller species may
also varymorein true survivalrates, given that
they may encounter a greater range of predators
(small specieswill also be vulnerable to small
predatorsthat will nottakelarger species) and
energetic constraints.

The observed variation in survivalacross the
different generacan be partly confounded with
body size. Generawith lowsurvival estimates tend
primarily to comprise small-bodied species (e.g.
Calidris and Charadrius), whereas genera with
high survival tend to comprise larger species (e.g.
Numenius and Haematopus). In any case, the effect
ofgenusin ouranalysesisin additionto the effect
ofbody massandremains significantwhen the
effects of body mass are controlled for. These dif-
ferences in survival among genera may potentially
be related to variation in life-history traits associ-
ated withreproduction. In passerines, thereis evi-
dence for a trade-off between fecundity and adult
survival,in which survival is negatively correlated
with clutch size (Peach et al. 2001). In shorebirds,
mostspecies have a maximum clutch size offour
eggs per nestingattempt (Maclean 1972) but other
aspects of reproduction such as incubation

duration (Bulla et al. 2016), re-nesting capacity,
post-hatching parental care (Reynolds & Székely
1997) and mate fidelity (Lloyd 2008) may con-
tribute to the variation in survival rates among
speciesand genera.

Additional non-reproductive factors could also
contribute to the observed variation in shorebird
survivalrates. For example, in ground-nesting spe-
cies, levels of nest concealment can also influence
adult survival, with species that nest in the open
being able to detect predators earlier (Amat &
Masero 2004, Miller et al. 2007). Variation in sur-
vival could also result from differences associated
with migratory behaviour, depending on the envi-
ronmental conditions experienced by individuals
on the particular set of locations each uses along
the flyway (Duriez et al. 2012, Alves et al.
2013a). It is important to note that survival rates
reported for some Scolopax and Actitis species are
very low and whereas these may reflect high levels
of hunting pressure and habitat degradation for
Scolopax spp. (Tavecchia et al. 2002, Duriez 2003,
Oppelt 2006), the low survival rates reported for
Actitis spp. are likely related to their breeding sys-
tems, as some studies report < 30 %ofunsuccessful
breeders returning to the previous breeding loca-
tion (Reed & Oring 1993).

Overall, our model suggests that published esti-
mates of survival for small species, especially for
Actitis, Calidris and Charadrius, may be underesti-
mates. As indicated above, this may reflect lower
detectability of smaller species; however, lower
levels of site-fidelity in these species could also
influence the published estimates. High return
rates are common among large species, suggesting
that detectability and site-fidelity are also high
(Sandercock2003), whereas published return rates
in smaller species tend to be quite low (0.3-0.7,
Table 1). Low return rates could reflect lower true
survival, low site-fidelity, low detection rates or a
combination of these.

Survival estimates were significantly lower in
the American flyway than in the African-Eurasian
and FEast Asian-Australasian flyways (EAAF).
Although widespread population declines have
occurred in the FEAAF over the last two decades
(ConKlin et al. 2014), evidence for declines in sur-
vival has only recently been uncovered (Piersma
et al. 2016) and our survival estimates for this fly-
way span a wide range of species and time periods.
Published survival rates in the American flyway
are lower than our model predictions and may



reflect the fact that estimates from this flyway are
mostly derived from small-bodied species (Calidris
and Charadrius spp.) and are calculated using
returnrates(Table 2). Future work needsto be
focused onthe Central Asian flyway, as thereis
currently no informationonthe demographic
parameters of shorebirds in this region.

Sandercock etal.(2002) argued that survival
estimates generated onnon-breeding grounds
should be preferred, as fidelity to wintering sites
may be determined by ecological factors, whereas
fidelity to breeding sites may also be influenced by
mate selection. Therefore, if site-fidelityis stronger
during the winter period, then survival estimates
should morereliably reflect mortalitythan perma-
nent emigration. We found a tendency for annual
survival to be slightly higher when estimated in
wintering populations but the difference between
estimations from both seasonswasnot significant,
so any general seasonal effects of site-fidelity on
survival estimates are not yet apparent. In addi-
tion, we found that most survival studies are car-
ried out at breeding locations, reinforcing the fact
that measuring survival duringthe non-breeding
period can be challenging. In addition, any sex or
age differences in distribution habitat use during
the winter season (e.g. Alvesetal. 2013b) may
increase the probability of non-random samples of
individuals contributing to survival estimates (San-
dercocketal. 2002).

Sex-biased survivalhasimplications for sex
ratios and, ultimately, for breeding systems and
population dynamics (Gunnarsson etal. 2012,
Morrison et al. 2016). Our analyses provided fur-
ther supportforfemale shorebirds often having
lower survival rates than males (Liker & Székely
2005),but adultsurvival (estimates attained when
sex differences were not significant in the original
paper)washigherthannoted for either sex. How-
ever, the difference between overall adult and
male survival was small in our model predictions.
In a number of studies, the causes of lower esti-
matesforfemale survival were identified, specifi-
cally sex differences in site-fidelity (Mullinetal.
2010), detectionrates (Sandercock etal. 2005),
dispersal behaviour (Pakanen etal.2015) and par-
ental care (Liker & Székely 2005). Differences in
social status in wintering Eurasian Oy stercatcher
(Durell 2007) and migratory strategies in staging
Ruff Calidris pugnax (Schmaltz et al. 2015) have
also been suggested as possible drivers of sex dif-
ferences in survival in shorebirds.

In conclusion, although the number ofpublished
survival estimates for shorebirds has increased in
recent years, this effort has been concentrated on
relatively few species. Estimates of survival for spe-
cies in areas currently experiencing environmental
degradation are particularly lacking and our capac-
ity to assess flyway-level differences in survival rates
is constrained by the limited number of estimates
available from the Central Asian and East Asian-
Australasian flyways, which support important and
declining populations ofmany species (Studds et al.
2017). Although estimating true survival is ulti-
mately desirable, reporting of all estimates of
survival is valuable in facilitating analyses o fwithin-
species variation in survival rates and associated
environmental drivers. Our corrected estimates of
survival rates can potentially aid the rapid identifi-
cation of locations in which species may be experi-
encing lower than expected survival rates (Tables 1
& 4) and may therefore be places where efforts
should be focused to identify and address the
causes. Given the global distribution of shorebirds,
their sensitivity to environmental change and the
capacity of declines in adult survival rates to drive
rapid declines in population size in these long-lived
species, empirical quantification of survival across
species ranges canbe avaluable tool for identifying
driversofchange inspecies status across regions and
stages ofthe annual cycle.
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