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Seasonal survival rates of a migratory shore-
bird suggest tropical wintering is riskier than 
migration

Jutta Leyrer, Maarten Brugge, Bernard Spaans, Tamar Lok, Brett K. Sander-
cock & Theunis Piersma

Estimates of seasonal mortality for migratory animals are scarce, yet 
available demographic data and the current understanding of ener-
getic and nutritional challenges have led to the paradigm that mortality 
is highest during migration and breeding. We used results of an 8-year 
mark-recapture study of colour-marked red knots Calidris canutus ca-
nutus wintering at tropical Banc d’Arguin, Mauritania, West Africa, to 
reevaluate this view. In 2002 – 2009, annual survival of adult red knots 
averaged 0.84 ± 0.02SE. In the 3-year period between autumn 2006 and 
spring 2009 resightings during autumn, midwinter, and spring allowed 
us partition the annual cycle into two periods: the 8-month nonbreed-
ing period in Africa, and the 4-month migration/breeding away period. 
Unexpectedly, most mortality of knots occurred at wintering sites 
(2-month survival 0.95 ± 0.01) whereas survival during migration/breed-
ing approached unity. We furthermore detected that survival was lower 
in the first three months after arrival than later in winter. Physiological 
constraints and high intraspecific competition combined with seasonal 
carry-over effects may influence survival upon return to the wintering 
grounds. High mortality of migrants at tropical sites suggests that inves-
tigations of seasonal mortality patterns and carry-over effects will be 
critical to understand the population dynamics of migrants.
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84 Chapter 8

Introduction

During the annual cycle, latitudinal migrants pass through complex series of life-history stages 
that include breeding, migratory movements, moult (in birds), and a nonbreeding period (Mur-
ton & Westwood 1977, Newton 1998, Barta et al. 2008, McNamara & Houston 2008). All these 
events entail potential energetic and survival costs, and to maximize fitness migrants should 
optimize the seasonal timing of the various stages (Ens et al. 1994, Sandberg & Moore 1996, 
Alerstam & Hedenström 1998, Greenberg & Marra 2004, Wingfield 2008). Migrants need to 
arrive in good body condition and when environmental conditions are suitable. Timing of ar-
rival on the breeding grounds is thought to be of crucial importance to maximize reproductive 
output (Ens et al. 1994, McNamara et al. 1998, Drent et al. 2003, McNamara & Houston 2008). 
Depending on their migration pattern, migrants may visit one or several staging sites en route 
to replenish energy stores needed for migration (Piersma 1987). Staging sites are often situated 
strategically along the migration route and offer conditions that allow migrants to accumulate 
sufficient fuel loads according to their schedule (van de Kam et al. 2004, Piersma et al. 2005, 
Colwell 2010). Yet, migrants have to trade-off fuelling rates against other selection pressures 
such as predation risk (Alerstam & Lindström 1990, Ydenberg et al. 2002), which could create 
time and survival costs. Generally, migration is regarded as a demanding period when time, 
energetic, nutritional and other potential bottlenecks coincide (Drent & Piersma 1990, Buehler 
& Piersma 2008). As a consequence, periods of active migration are considered critical, par-
ticularly when climatic conditions are inclement or wind directions are unfavourable (Alerstam 
1990, Newton 2007, Shamoun-Baranes et al. 2010). 

A fundamental question in the study of population dynamics of migrants is whether the act of 
migration indeed is risky, and whether higher mortality ('survival costs') would be balanced by 
a compensatory low mortality on the non-breeding grounds. With the advancement in analytical 
tools there is an increasing body of knowledge about annual survival rates in migratory species 
(Sandercock & Jaramillo 2002, Baker et al. 2004, Faaborg et al. 2010) and a number of studies 
have succeeded in breaking down annual survival into seasonal components, showing that the 
period of active migration indeed entails higher mortality (Madsen et al. 2002, Hupp et al. 2008, 
Robinson et al. 2009, but see Gauthier et al. 2001). Yet, these publications mainly examined 
hunting effects and only two other studies analysed seasonal survival in nongame species. One, 
followed a single population of geese in the North Atlantic region, documenting that the period 
of lowest survival within the year was between spring and autumn (Clausen et al. 2001). An 
earlier study inferred seasonal survival in a Nearctic-Neotropical passerine migrant by studying 
annual survival in separate nonbreeding and breeding populations with an unknown degree of 
connectedness and found that 85% of the annual mortality occurred during migration (Sillett & 
Holmes 2002).

Studying seasonal survival is challenging, as individuals must be monitored at different 
times of year. Shorebirds (or waders) are a good group for such studies because many species 
occupy open habitats year round where they are relatively easy to observe (van de Kam et al. 
2004). The red knot Calidris canutus is a long-distance migrant. Outside the breeding season, 
red knots are obligate marine birds, depending on intertidal soft-sediment habitats (Piersma 
2007). The nominate subspecies C. c. canutus (hereafter canutus) breeds in north-central Si-
beria and spends an 8-month nonbreeding period in West African coastal wetlands. Canutus 
knots are concentrated mainly at the two largest West African intertidal areas, Banc d’Arguin, 
Mauritania (75% of the population) and the Bijagós Archipelago, Guinea-Bissau (Piersma et al. 
1992, Davidson & Piersma 2009) and spend their 2-month breeding period in the tundra of the 



85Seasonal survival in migratory red knots 

Taimyr Peninsula (Tomkovich & Soloviev 1996). Excluding predeparture fuelling periods, but 
including refuelling en route, northward and southward migration each take about one month. 
The 9,000 km distance between the nonbreeding and breeding grounds is completed by two 
long-distance non-stop flights with stopovers in the German and Dutch Wadden Sea (figure 
8.1). If prevailing winds are unsuitable during northward migration, up to 20% of the popula-
tion use an additional stopover area along the Atlantic coast of France (Piersma et al. 1992, 
Leyrer et al. 2009a, Shamoun-Baranes et al. 2010). 

Figure 8.1 Migratory cycle of Af-
ro-Siberian red knots (C.c. canu-
tus) covering western Europe, cen-
tral northern Asia and West Africa. 
The canutus subspecies spends an 
8-month wintering period in West 
Africa, a 2-month breeding period 
in Siberia, with 1-month periods 
of north- and southward migra-
tion, with a majority stopping only 
in the Wadden Sea. 
Inset Intrinsic (body and wing 
moult, and establishing a winter 
home range = settling) and ex-
trinsic factors (predation, high 
temperatures) thought to affect 
seasonal survival of Afro-Siberian 
red knots as explained in the Dis-
cussion. The stationary part of the 
non-breeding period (wintering) is 
shaded in light grey.

We conducted an 8-year study in a non-breeding population of canutus knots at Banc 
d’Arguin, Mauritania. We marked, and collected resightings of colour-ringed individuals each 
midwinter period between 2002 and 2009 to estimate annual apparent survival. We expanded 
our efforts in Mauritania to include resightings during spring and late summer/early autumn 
between autumn 2006 and spring 2009. This additional work allowed us to decompose the an-
nual survival rates into two periods: the 8-month nonbreeding period in Africa, and the 4-month 
migration/breeding period in the northern hemisphere. Below we use mark-recapture results to
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reevaluate the prevailing view that long-distance migratory movements are necessarily associ-
ated with mortality. We demonstrate that mortality can be relatively higher during the station-
ary nonbreeding period, and may even account for most of the variation in annual survival in a 
migratory bird.

Methods

Study area and marking methods
Red knots were captured and observed at their main wintering area, the Banc d’Arguin Mauri-
tania, West Africa (Piersma et al. 1992). Our main study site was the high-tide roost of Abelgh 
Eiznaya on the western shores of Iwik Peninsula (19°54’N 16°17’W, figure 2 in Leyrer et al. 
2006). Using mist-nets, we captured red knots at spring high tides and dark nights during new 
moon lunar phases between mid-November and late December of 2002 – 2008. At first capture, 
each red knot was individually marked with a metal ring of the Dutch ringing scheme ('Vogel-
trekstation Arnhem') and a unique combination of four colour-rings and a plain leg flag (Piers-
ma & Spaans 2004). Birds were aged by plumage characteristics to two age-classes according 
to Prater et al. (Prater et al. 1977), distinguishing hatch-year birds (juveniles <12 months) and 
older birds ( >12 months). A drop of blood was collected from the brachial vein and stored 
in 96% ethanol for subsequent molecular sexing. We only included sexed individuals in our 
analysis. Red knots captured during 2002-2006 were sexed with primers P2/P8 (Griffiths et al. 
1998; verified for red knots by Baker et al. 1999). To avoid potential sexing errors due to length 
polymorphisms in the Z-introns of the CHD-gene (Casey et al. 2009, Schroeder et al. 2010), 
red knots captured from 2007 - 2009 were sexed with primers 2602F/2669R (Fridolfsson & 
Ellegren 1999; modified for shorebirds by O. Haddrath). A comparison between the two meth-
ods showed that the previous method resulted in an error rate of about 5%, with a bias towards 
having males incorrectly sexed as females. Sex was not a determining factor in this analysis 
(see below) and our error was relatively small so we did not correct for miss-sexed individuals. 

Sample sizes and observations of red knots 
Annual and seasonal apparent survival were estimated using capture-resighting data from col-
our-ringed red knots caught at the Abelgh Eiznaya high-tide roost, but observed throughout the 
entire ca. 35 km2 study area at Iwik Peninsula (figure 2 in Leyrer et al. 2006). A total of 1,007 
birds were individually marked during the seven winters of 2002 – 2008. To estimate annual 
survival, we recaptured and resighted birds in the winters 2003 – 2009 during annual three-
week expeditions in November/December.  To estimate seasonal survival, we considered obser-
vations of marked birds from additional expeditions at the start and end of each non-breeding 
season during a 3-year period: early August – late September 2006, mid – late April 2007, mid-
August – early September 2007, late March – mid-April 2008, late August – mid-September 
2008, mid – late April 2009. Red knots marked before winter 2006 and not seen during the 
second study period were not included in the analysis, and estimates of seasonal survival were 
based on a reduced sample size of 809 birds.

Observation effort was greatest during the winter expeditions and lower but comparable be-
tween late summer and spring (table 8.1). Late summer/early autumn expeditions were timed to 
coincide with the red knots’ return period from the breeding grounds (Piersma et al. 1992), but 
an unknown number of red knots might not yet have returned when we concluded our observa-
tions in late September. Observations in spring were made well before the red knots left the area 
for northward migration (Piersma et al. 1990a). Counts in our study area in late summer 2006
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showed that red knot numbers increased from ca. 7,500 in mid August to ca. 14,000 in late 
August. Maximum counts of nonbreeding birds in the study area in midwinter averaged 18,000 
red knots (T. Piersma, J. Leyrer, unpubl. data). 

Data analysis
Apparent survival (Φ) and recapture probabilities (p) were estimated from live encounter data 
based on captures and resightings using Cormack-Jolly-Seber (CJS) models (Lebreton et al. 
1992) for annual intervals with equal time steps and seasonal periods with unequal time steps. 
To improve the precision of the estimates, some a priori assumptions were made to reduce the 
number of parameters that had to be estimated. Analyses were conducted with program MARK 
(Version 6.0, White & Burnham 1999). 

An initial analysis of annual survival using the full 8-year dataset showed that models in-
cluding time-dependent variation among years in survival Φ had high delta-AIC scores and low 
Akaike weights, and that sparse data led to problems with estimations of Φ and p. We were less 
interested in annual variation in Φ for this study, and opted to exclude time as a factor for Φ, but 
not for p. Field efforts were greater in later years and resighting skills improved in the course of 
this study due to observer training and better local field knowledge, therefore, resighting prob-
ability p was modelled with variation among years, but not between age or sex. Habitats used 
by red knots at Banc d’Arguin included open mudflats and beaches without vegetation. We had 
no evidence that space use differed between sex and age classes as all birds foraged on mudflats 
during low tide and assembled at communal roosts at high tide. We modelled apparent survival 
as a function of three factors: age at capture (juveniles vs. adults), sex (male vs. female), and 
an effect of time-since-marking (tsm) (Sandercock 2006). Time-since-marking was included to 
test whether newly marked individuals differed in apparent survival during their first year (Φ1) 
compared with subsequent years (Φ2+). Apparent survival might be lower after first capture if 
we either had an unknown proportion of transient birds in our study population or a number of 
individuals experienced a higher mortality immediately after catching due to capture and han-
dling stress. We also occasionally found carcasses of newly marked birds that had been killed 
by feral cats after release, potentially as a consequence of being captured and handled, and 
these were excluded from the analyses. The time-since-marking effect was included for each 
age-class (juveniles and adults). Juvenile red knots become adults at the end of their second 
calendar year, and low survival could be due to either age or tsm effects, or both. Goodness of 
fit to the encounter histories was tested for our global starting model Φ1

age+sex Φ2+
sex  p year with 

the median-ĉ test implemented in MARK, and ĉ was adjusted with the estimated ĉ = 1.01 ± 
0.00 SE.

Our time series to model variation in seasonal apparent survival Φ included three years and 
we thus excluded year as a factor. Due to differences in observation effort, resighting prob-
ability p was modelled with season-dependence among expeditions in late spring (April), late 
summer/early autumn (August/September), and winter (December) (table 8.1), but because the 
time series was short, annual differences were not included. We set unequal time steps to es-
timate 2-month rates of apparent survival and tested two different scenarios: (1) dividing the 
year into three seasons: a 5-month winter (December – April), a 4-month migration+breeding 
(May – August), and a 3-month autumn (September – November), and (2) dividing the year 
into two seasons: an 8-month stationary non-breeding season (September – April) vs. a 4-month 
migration+breeding season (May – August). Migratory behaviour of juveniles differed from 
adults as they apparently did not depart on northward migration and remained in the non-breed-
ing areas during the boreal summer. We thus included age-class as a factor for Φ in our seasonal
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models and juveniles were treated differently in estimating Φ until the winter preceding their 
first northward migration (in their 3rd calendar year). A time-since-marking effect on survival 
was tested for newly ringed individuals during the season following the marking event (De-
cember – April). Individuals marked before December 2006 were included by treating the first 
encounter within the study period (summer 2006 until spring 2009) as a 'marking event', but 
because they had already returned to the area, we excluded a tsm-effect for those individuals. 
We pooled sexes in the seasonal models as, making use of knowledge gained from our annual 
models we did not expect them to differ. Goodness of fit to the encounter histories was tested 
using the median-ĉ test in MARK for the starting model Φ1 age Φ2+ age+3 seasons p 3 seasons, and ĉ was 
adjusted with the estimated ĉ = 1.54 ± 0.01 SE.

If seasonal survival estimates approached unity, we performed three types of sensitivity 
analyses to determine whether the parameter estimates were at unity because survival was in-
deed close to the boundary or because sparse data precluded the estimation of this parameter. 
We used the sin link function (instead of the more generally applicable logit link function) as 
it performs better when estimating parameters near the boundaries of zero and one. We also fit 
reduced models to compare estimated survival values, and assessed convergence of the models 
using the alternate optimization capability based on simulated annealing in MARK which is 
more likely to find the global instead of a local maximum (Cooch & White 2010). Last, we fit 
the best model using a Bayesian procedure, the Markov chain Monte Carlo (MCMC) estimation 
implemented in MARK and compared the mean, median and mode of the MCMC estimates 
with the parameters of the same model fitted with maximum-likelihood procedures.

Results

2003 2004 2005 2006 2007 2008 2009

winter 47 75 83 229 96 118 117

spring 37 11 16

autumn 92 22 17

Table 8.1 Number of observation sessions in the study area at Iwik peninsula, Banc d’Arguin, Mauritania in differ-
ent seasons between 2003 and 2009. Each observation session covers a single period of time (1 - 3 hrs) spent by 
one observer in a subarea within the study area (for subareas, see Leyrer et al. 2006).

Annual survival
The minimum AICc model describing annual apparent survival included an effect of time-
since-marking on apparent survival (table 8.2). Annual estimates of apparent survival in 2002 – 
2009 were 0.79 ± 0.02 SE (95%CI = 0.74 – 0.82) in the interval after first marking (Φ1) and 0.84 
± 0.02 (0.82 – 0.87) in subsequent years (Φ2+) (table 8.3). Adding sex and age as parameters 
led to an increase in delta-AICc and thus were of no explanatory value (table 8.2). However, 
juveniles tended to have lower annual apparent survival of 0.76 ± 0.04 (0.68 – 0.83). 

Seasonal survival
Two models describing seasonal apparent survival were equally parsimonious, and both includ-
ed a time-since-marking effect and seasonal differences in survival between the stationary win-
tering periods at Banc d’Arguin and the migration+breeding period away from Banc d’Arguin
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(table 8.4). Consistent with the annual models, the best supported seasonal model estimated 
Φ1 to be lower (0.85 ± 0.02; 0.81 – 0.89) than in subsequent winters (Φ2+ = 0.95 ± 0.01; 0.93 – 
0.97; both 2-month survival, table 8.5). Unexpectedly, 2-month survival was at unity during the 
migration+breeding season (1.00 ± 0.00; 1.00 – 1.00). The 'second best' model also estimated 
2-month survival during the migration+breeding season with 1.00 ± 0.00 (1.00 – 1.00), but sug-
gested 2-month winter Φ2+ to be lower during the autumn season September – November (0.92 
± 0.03, 0.85 – 0.96) than 2-month winter Φ2+ during the midwinter season December – April 
(0.98 ± 0.03; 0.83 – 0.99), 2-month Φ1 of the second model was 0.86 ± 0.02 (0.82 – 0.90) (table 
8.5).

Model NP Deviance AICc ΔAICc AICc weight

[1]Φ1 
const.  Φ² +const.  p year 9 715.56 4830.37 0 0.35

[2]Φ1 age Φ² +const.  p year 10 715.00 4831.83 1.46 0.17

[3]Φ1 sex Φ² +sex  p year 10 715.30 4832.13 1.76 0.14

[4]Φ age   p year 9 717.88 4832.69 2.32 0.11

[5]Φ const.  p year 8 720.36 4833.15 2.79 0.09

*[6] Φ1 age+sex Φ² + sex    p year 11 714.69 4833.54 3.18 0.07

[7]Φ age+sex   p year 10 717.55 4834.37 4.01 0.05

[8]Φ sex   p year 9 720.13 4834.94 4.57 0.04

Table 8.2 Model selection results for estimation of annual apparent survival (Φ) and resighting probability (p) for 
red knots C. c. canutus at Banc d’Arguin, Mauritania, 2002-2009. 

Φ1 = apparent survival in first year after marking, Φ2+ = apparent survival in subsequent years, p = recapture (resighting) prob-
ability. Parameters included in models were sex (male/female), age (juvenile (1st year)/adult (from 2nd year onwards) and time 
(year), const. = intercept only. Given are number of estimable parameters (NP), Deviance, Akaike's information criterion values 
corrected for small sample size (AICc), ΔAICc, and AICc weight. * The goodness of fit (GOF) was tested for model [6] and ĉ 
was adjusted to 1.01. The sex effect was modelled to have the same additive effect on Φ1 and Φ2+ and therefore involved only 
one parameter.

es�mate  ±  SE 95% CI

Φ1 0.79  ±  0.02 0.74 - 0.82

Φ2+ 0.84  ±  0.02 0.82 - 0.87

resigh�ng probabili�es p

2003 0.25  ±  0.04 0.18 - 0.30

2004 0.38  ±  0.03 0.32 - 0.44

2005 0.49  ±  0.02 0.44 - 0.54

2006 0.55  ±  0.03 0.49 - 0.60

2007 0.65  ±  0.03 0.60 - 0.70

2008 0.64  ±  0.03 0.59 - 0.69

2009 0.55  ±  0.03 0.49 - 0.60

Table 8.3 Annual estimates of apparent sur-
vival (Φ) and resighting probabilities (p) with 
standard errors and 95% confidence intervals 
of adult canutus red knots at a nonbreeding 
site in Banc d’Arguin, Mauritania, West Af-
rica, in 2003 – 2009. 

Φ 1 = annual apparent survival in first year after marking
Φ 2+ = adult annual apparent survival in subsequent years
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We further tested the sensitivity of the estimates of φmigration+breeding (1.0 ± 0.00) by 
fitting reduced models with a constant resighting probability, yet estimates were unchanged 
from the value of 1.0 for Φ. Using the alternate optimization capability did not change our 
estimates. Last, comparisons of the mean, median and mode of the MCMC estimation showed 
that 2-month Φ during the migration+breeding seasons remained high (mean ± s.d. 0.994 ± 
0.007; median 0.997; mode 1.00), all other estimates for Φ1 and Φ2+ differed in the 3rd decimal 
place only. Our sensitivity analyses gave us confidence that MARK had correctly estimated 
the parameter, though slightly biased towards the boundary of 1. Furthermore, both resighting 
probabilities (p) and survival (Φ) were estimated with high precision (small CI for p and small 
CV≤ 0.03 for Φ), Φ should be unbiased.

Table 8.4 Model selection for seasonal estimates of apparent survival (Φ) and recapture probability (p) for canutus 
red knots wintering at Banc d’Arguin, Mauritania.

Φ 1 = apparent survival in first winter after marking (comprises December – April), Φ 2+ = apparent survival in subsequent sea-
sons/years: 2 seasons = year divided in 2 seasons (stationary nonbreeding and migration+breeding), 3 seasons = year divided 
into 3 seasons (winter, migration+breeding, autumn), age = juvenile/adult. Juvenile red knots were treated as adults from the 
winter preceding the first migration+breeding season onwards. Given are number of estimable parameters (NP), QDeviance, 
Akaike’s information criterion values corrected for small sample size (QAICc), ΔQAICc and QAICcweight. * The goodness of 
fit (GOF) was tested for model [3], ĉ was adjusted to 1.54. The age effect was modelled to have the same additive effect on Φ1 

and Φ2+ and therefore involved only one parameter.

Model NP QDeviance QAICc ΔQAICc QAICc weight

[1] Φ1  Φ² + 2 seasons  p  3 seasons 6 285.07 2300.16 0 0.51

[2] Φ1  Φ²+ 3 seasons  p  3 seasons 7 283.41 2300.52 0.36 0.42

* [3] Φ1 age Φ² + age + 3 seasons  p  3 seasons 8 285.92 2305.04 4.89 0.04

[4] Φ1 age  Φ² + age + 2 seasons  p  3 seasons 7 288.90 2306.01 5.85 0.03

[5] Φ age   p  3 seasons 5 308.85 2321.92 21.76 0

[6] Φ const   p  3 seasons 4 311.51 2322.57 22.41 0

Discussion

We report, for the first time, estimates of both annual and seasonal survival for a single popu-
lation of a hemispheric migrant, in this case the red knot. Between 2002 and 2009, annual 
survival, controlled for a time-since-marking effect, for individuals spending the nonbreeding 
season at Banc d'Arguin was 0.84 ± 0.02. This estimate is relatively high for such a small-
bodied shorebird species (Sandercock 2003) and indicates that red knots generally show strong 
site fidelity to nonbreeding sites and have high survival rates (Brochard et al. 2002, Baker et al. 
2004, Leyrer et al. 2006, Spaans et al. 2011). A combination of factors could have contributed 
to the five percentage-points difference in survival between the first year after marking and later 
years (Sandercock & Jaramillo 2002). For one, catching and handling effects could have played 
a role. When held during catching and marking activities, particularly red knots (and other 
shorebird species) caught in tropical environments are susceptible to develop capture myopathy 
(Rogers et al. 2004), which can be fatal or make individuals prone to predation after release. 
Time-since-marking effects could also have been due to the capture of transient birds during 
mid winter. The nonbreeding distribution of canutus knots extends further south to other sites 
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in equatorial Africa (e.g. Archipélago dos Bijagos, Guinea-Bissau, Piersma et al. 1992), and a 
subset of marked birds may have permanently emigrated from our study population. Annual 
survival tended to be even slightly lower among juveniles and the age effect could be explained 
by lower survival among inexperienced birds (Sandercock 2003). 

Unexpectedly, we found that the period of highest seasonal mortality within the annual cycle 
occurred at tropical wintering grounds in the months after completion of a 9,000 km migration 
back from the High Arctic breeding grounds. Most theoretical treatments of migration assume 
that mortality costs are highest during the migration and breeding periods, the times that birds 
face major time, nutritional, energetic, and predation challenges (Buehler & Piersma 2008), 
and adverse weather events can severely affect migrating animals working at their physiologi-
cal limits (Alerstam 1990, Newton 2007, Shamoun-Baranes et al. 2010). In contrast, also to 
earlier empirical studies (Clausen et al. 2001, Sillett & Holmes 2002), our analyses found lower 
survival during the stationary wintering period than during the migration+breeding season. 
Particularly during migration, habitat specialists like red knots depend on high quality staging 
sites in intertidal areas (van Gils et al. 2005a). Marine soft sediments are threatened ecosystems 
worldwide (Baker et al. 2004, van Gils et al. 2006a, Rogers et al. 2010), and losses or degrada-
tion of these habitats have been shown to have a negative impact on the survival of migrating 
birds (Baker et al. 2004, van Gils et al. 2006a, Kraan et al. 2010b). However, no major distur-
bances were observed during our study period at the key staging sites of the Afro-Siberian red 
knot population along the Atlantic coast or in the Wadden Sea (unpubl. obs.). 

We further observed that mortality was highest during the first three months after red knots 
arrived back in the West African wintering grounds in autumn and early winter, at a time when 
impacts of multiple stress factors may coincide (figure 8.1). Of these factors, predation by rap-
tors, primarily lanner Falco biarmicus and barbary falcons F. pelegrinoides, is unlikely to play 
a direct role because predation at Banc d’Arguin accounts for a mere 0.8% of adult annual mor-
tality (van den Hout et al. 2008). Furthermore, benthic food availability has increased in recent 
years (van Gils et al. 2009b) and mortality of nonbreeding red knots cannot be explained by 
degradation of foraging conditions during our study either. Without neglecting the potential role 
of delayed costs of migration (Harrison et al. 2010), we will now argue that high early winter 
mortality may reflect a combination of pressures acting on the birds caused by the physiological 
stress of climatic conditions during a time of relatively high intraspecific competition during 
settlement  (figure 8.1, Chapter 3). 

When red knots return to nonbreeding habitats in a tropical environment, moulting of flight 
and body feathers starts immediately, at a time when ambient temperatures are at seasonal max-
ima (average August temperature at Banc d’Arguin 31°C (Wolff & Smit 1990), daily maximum 
temperatures are regularly in the high 40s °C, and humidity is high (unpubl. obs.)). Moult is a 
physiologically challenging process and generates heat (Lindström et al. 1993, Klaassen 1995, 
Portugal et al. 2007, Cyr et al. 2008, Vézina et al. 2009). Under prevailing climatic conditions, 
moulting red knots could be constrained by their capacity to dissipate heat, at a risk of hyper-
thermia. Hyperthermia can be more problematic than hypothermia and even mild hyperthermia 
can have long-term negative effects on organismal performance (Speakman & Krol 2010). In 
addition, during moult birds appear to down-regulate costly immune functions (Buehler et al. 
2008). Red knots thus face a series of potential internal and external stressors upon arrival after 
a 18,000 km return migration (figure 8.1) and an energetically challenging breeding season in 
the High Arctic (Piersma et al. 2003b), hence carry-over effects may well contribute to the ob-
served higher winter mortality (Harrison et al. 2010). 
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Our data for Afro-Siberian red knots show the season with highest mortality is early winter in 
West Africa and not migration or breeding. We propose that physiological challenges in com-
bination with intraspecific competition after arrival on the wintering grounds, possibly ampli-
fied by carry-over effects of the stresses endured during the foregoing migration and breeding 
seasons (Harrison et al. 2010), create periods of high selection pressure. Comparative studies of 
seasonal mortality patterns are limited yet, and further studies of other subspecies of red knots 
and migratory birds with wintering grounds in different climatic regions and different annual 
routines will help testing this idea and thus help explaining the microevolution of migratory be-
haviour (Piersma 2007, 2011). If the combination of stresses would be particular to this popula-
tion, our study would articulate again that the devil is in the details. Although this would reduce  
the generality of the present results, it would not diminish its value in helping to prioritize the 
conservation resources devoted to this declining shorebird migrant.
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