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a b s t r a c t
In the context of attested global changes, accurate estimation of whether climatic ﬂuctuations impact on
population demographic parameters is needed for adequate management, especially for migratory species. We present a capture–recapture analysis linking survival rates of the vulnerable Lesser Kestrel (Falco
naumanni) to annual rainfalls in the Sahel region, considered as a proxy of climatic conditions on wintering grounds. Recapture data were obtained from ﬁeld observations of individuals ringed and sexed as
juveniles over a 14-year monitoring period (1994–2007). We addressed a common but problematic situation in birds where: (i) sex is known with certainty for ﬁrst-summer or older birds but only suspected
for juveniles, and (ii) a large proportion of individuals never return to the study population (e.g. transient
behavior). Transient behavior and unknown sexes were explicitly integrated considering a two age class
in a multistate capture–recapture model. Survival was time-varying for juveniles (geometric mean:
0.499 ± 0.021) but constant – and higher – for adults (0.718 ± 0.013). Yearling survival probabilities were
strongly correlated with rainfalls in the Sahel, suggesting a high dependence of juvenile upon the wintering conditions. While taking sex uncertainty into account, we detected no sex-dependence in survival.
Incorporating the sensitivity of survival of wintering migratory birds to climatic variables such as precipitations in arid Sahelian ecosystem may allow to model conservation scenarios with a greater realism.
Finally, we encourage the development of international management strategies for migratory species
on wintering areas in addition to the existing conservation actions on summering Mediterranean
grounds.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Understanding and quantifying the forces driving the decline or
the recovery of threatened species is the core of most conservation
approaches. However, the deﬁnition of spatial and temporal scales
of management may be challenging when the environmental processes impacting population dynamics occur at a large biogeographic level. This phenomenon is particularly strengthened for
species that regularly migrate over long distances, and thus face
a large range of biotic and abiotic conditions. Long-distance migratory species may therefore encounter damaged habitat or shifting
conditions that could potentially act as threats. Among anthropogenic threats to biodiversity, the most famous is certainly global
warming as a result of an increasing concentration of greenhouse
gases (IPCC, 2007). Numerous studies identiﬁed correlations be-
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tween temperature increases or rainfall cycle changes and the phenology, the distribution or the demography of animal or plant
species (e.g. Sæther et al., 2000; Forchhammer et al., 2001). Hence,
since climatic conditions are known to strongly impact bird’s
population dynamics, notably the survival of wild populations
(Newton, 1998), there is a crucial need to better assess the eventual effects of climate conditions on those demographic rates
(Sæther et al., 2000; Grosbois et al., 2008).
We focused here on investigating the relations between climate
ﬂuctuations and survival of the Lesser Kestrel, Falco naummani,
which has been classiﬁed vulnerable in the 2008 IUCN Red list
(IUCN, 2008). The Lesser Kestrel is a colonial, long-distance migratory Palaearctic raptor, wintering in Africa, although a few populations now overwinter in Spain (Tella and Forero, 2000). Erstwhile
widely distributed and among the most common raptors across
Eurasia (Biber, 1990), this falcon suffered from a dramatic decline
throughout its historical distribution range during the last decades
(Hiraldo et al., 1996; Prugnolle et al., 2003). For instance, the Spanish population, representing 60–70% of the western European population, held ca. 100,000 breeding pairs in 1960 (Biljeveld, 1974)
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but was down to 12,000 pairs in 2000 (Atienza and Tella, 2004).
Similar trends have been reported for other populations, e.g. in Israel (Liven-Schulman et al., 2004), and the species went almost extinct from numerous Mediterranean countries such as France at
the beginning of the 1980’s (Prugnolle et al., 2003). National
extinctions have also been quoted in central Europe (Hiraldo
et al., 1996). The species remains moreover of a primary conservation interest for the European Union and a European program Life
Transfert for the protection of the Lesser Kestrel has been implemented since 2005.
Global changes, such as modiﬁcation of land use practices (e.g.
Donázar et al., 1993) or climate change (Rodriguez and Bustamante, 2003), have been incriminated for this collapse, but the exact causes of decline are still not well established (Forero et al.,
1996; Franco et al., 2005). Studies aiming to explore factors of decline in this species were, to our knowledge, exclusively restricted
to the breeding conditions in summering areas of the Mediterranean basin. However, there are at least three geographical components of major importance for the viability of migratory species,
the summering area, the wintering area and transitory resting
places. Surprisingly, no study has yet investigated the decline of
the Lesser Kestrel linked to potential global changes impacting
its African wintering conditions.
Lesser Kestrels of the Mediterranean basin usually winter in the
Sahelian region (Pilard et al., 2004, 2005). Predators such as European long-distance migratory insectivorous raptors wintering in
western Africa adjust their foraging behaviour to locust pulses
(Sanchez-Zapata et al., 2007). Locusts and grasshoppers (Orthoptera: Acrididae ssp.) represent about 80% of Lesser Kestrels’ diet
in winter (from October to February; P. Pilard and C. Riols, unpublished data). On the other hand, the relative humidity and rainfalls
are known to have a positive effect on the population dynamics of
Acrididae (Kemp, 1992; Karpakakunjaram et al., 2002).
Climatic covariates of distinct seasonal critical periods (Brouwer
et al., 2006; Grosbois et al., 2006) and distinct geographic locations
(Schaub et al., 2005) may be particularly relevant for migratory
population survival. According to the sensitivity of Lesser Kestrel
population growth rate to survival rate (Hiraldo et al., 1996), and
in a context of climate changes, we assessed the effect of annual
rainfall – as a proxy of the general climatic ﬂuctuations on the wintering grounds – on Lesser Kestrel survival. We also investigated
the effect of sex and age. Indeed, age speciﬁc (Loery et al., 1987;
Angelier et al., 2007) or sex-speciﬁc survival has been reported in
bird species (e.g. Tavecchia et al., 2002; Badyaev et al., 2006), as
a result of asymmetric investments during the breeding activity
(Tavecchia et al., 2001) or energetic requirements (Torres and
Drummond, 1997). Finally, we compared our results with those
previously obtained in other European populations of the species
and we discussed the implications of our results in providing
recommendations for conservation priorities.

2. Methods

continent, from the Sahel region to South Africa. However, the
majority of Lesser Kestrel from the Mediterranean basin likely winter in the western part of the Sahelian region. Communal roosts
gathering several hundred to several thousand Lesser Kestrels have
been recorded from western Senegal to Mali, Burkina Faso and
South-eastern Niger (Pilard et al., 2004, 2005; P. Pilard, unpublished
data). In 2009, a Lesser Kestrel originated from La Crau, one from
Italy and three others from Spain have been identiﬁed in Senegal
(Pilard, unpublished data), strengthening the hypothesis that western European Lesser Kestrels mainly wintered in western Sahel.
Additionally, genetic analysis (Pepler et al., 1994) and ring recoveries (Oatley et al., 1998) indicated that Lesser Kestrels wintering in
southern Africa were mostly from Eastern Europe or Asian
countries.
2.2. Study area and monitoring
The monitoring study area was located in the steppe of the Plaine de Crau (43°300 N, 4°500 E), East of the Rhône delta, Southern
France. The population has been growing from two pairs in 1983
(the last breeding pairs for France) to 150 in 2009. Most of the
breeding pairs were located in a restricted area of 10 km2, in several patchy nesting sites. Sheepfold ruins, artiﬁcial nest boxes under barn roofs and hollows of ground stone stacks offer suitable
nest cavities. Monitoring was conducted during the breeding season (from March to August, about 20 weeks). The resighting periods were short relatively to the time interval between two
resighting sessions, which is crucial in capture–recapture analyses
(Nichols, 1992). A systematic monitoring has been achieved every
year at the beginning of the breeding season in the Plaine de Crau
to detect occupied colony. Colonies were surveyed at least twice a
week. Fledglings were ringed at nest with a white DARVIC ring
with a three-letters code on a tarsus, allowing later identiﬁcation
at distance. We used a total of 1421 individuals born in the study
area and observations between 1994 and 2007. An individual was
considered as resighted if it was seen at least once at the study site,
at least one year after being ringed.
Sex of individuals was determined through plumage pattern
observations of chicks during ringing sessions (Tella et al., 1996).
However, birds may not have completely developed secondary
sexual traits on plumage in very early live, misleading sex assignation. Many bird species show age- or sex-dependent dispersal and
survival patterns, sometimes leading part of the population to exhibit fugitive presence, also called transient behaviour (Lebreton,
1995). Handling with potential bias related to sex and age in survival with standard capture–recapture models is problematic
when sex uncertainty remains for individuals that are never
resighted. In such cases, the transience and the level at which it occurs – e.g. age or sex – must be accounted for to avoid biased estimates (Pradel et al., 1997). Facing comparable worries as in Conroy
et al. (1999), in Nichols et al. (2004) and in Pradel et al. (2008), we
used a similar approach to explicitly integrate: (i) uncertainty
about sex for young birds and (ii) transient behaviour for a sample
of the population to estimate survival rates.

2.1. Study species
2.3. Statistical methods
The Lesser Kestrel is a small colonial falcon inhabiting western
Palaearctic agricultural plains, farmlands and urban areas mainly
feeding on insects and on small vertebrates. Adult plumage shows
a strong sexual dimorphism, so that sex assignation is straightforward (Negro et al., 1997). About 40–50% of birds surviving their
ﬁrst-year usually attempt to breed (Aparicio et al., 2007). In France,
as in other Mediterranean countries, Lesser Kestrels are back from
wintering grounds from March to breed, and leave in September
(Aparicio and Bonal, 2002; Prugnolle et al., 2003). The wintering
non-breeding area of Lesser Kestrels covers most of the African

2.3.1. General model structure and notation
To estimate parameters while handling with uncertainty in
ﬂedgling sexing, we used the Arnason–Schwarz model (Schwarz,
1993). Actually, accounting for any sex effect on survival when
sex assignation is misleading would be impossible to achieve with
a standard Cormack–Jolly–Seber, single state capture–recapture
model. Within single state models, gender is considered as a ﬁxed
group for each individual, and does not allow individuals to move
from a ‘‘wrong” sex assignation to its ‘‘correct” sex. This lack of
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ﬂexibility is an issue when almost a third of the juveniles are never
resighted, because the error rate in sex prediction cannot be considered for those birds and might bias parameter estimates. In contrast, multistate models enable individuals to move between
different states through a matrix of transition probabilities, and allow dealing with uncertain sex determination from juvenile states
to adult states for which sex was determined with 100% reliability.
This ﬂexible model structure allowed us using the whole monitoring data set in a global analysis, authorizing fully parameterized
variation of age, time and sex in survival and resighting probabilities. Parameter estimation was carried out in the framework of the
maximum likelihood theory (Lebreton et al., 1992) using program
M-SURGE (Choquet et al., 2004).
In birds, survival has been reported to be age speciﬁc (Loery
et al., 1987) and natal dispersal higher than breeding dispersal
(Paradis et al., 1998). Therefore the ﬁrst annual survival should
be lower in juveniles than in adults, and the transient behaviour
should affect juveniles. We deﬁned three juvenile states and two
adult states (Table 1) in order to estimate survival, resighting and
transition probabilities (S, P and W, respectively) (see Lebreton
et al., 1992; Brownie et al., 1993). We tested for effects of time
(t), sex (s) and two age classes (a2) on parameters S and P (Table
2). Time effect was considered as interacting (t) or as additive
(+t) with sex and age.

2.3.2. Model selection
We used the Akaike information criterion (AIC = 2 log(likelihood) + 2  np, np being the number of estimable parameters)
for model selection procedures. The AIC points to the most parsimonious model ﬁtting the best the data with no more parameters
than justiﬁed (Burnham et al., 1995; Conroy et al., 1999). The smaller the AIC value, the better the model is supported by the data. We
used the threshold DAIC score P2 to distinguish between two
models (Burnham and Anderson, 2002). As the goodness-of-ﬁt test
indicated signiﬁcance for transience (see below), we used a modiﬁed version of the AIC, the quasi-AIC (QAIC; White and Burnham,
1999). The QAIC is the AIC adjusted by the variance inﬂation factor
ĉ (ĉ = v2/df), with QAIC = deviance/ĉ + 2  np. The use of this
empirical variance inﬂation factor remains a conservative strategy,
limiting the risk of falsely rejecting the null hypothesis that the
model ﬁts the data (Lebreton et al., 2003).
2.3.3. Goodness-of-ﬁt
We performed goodness-of-ﬁt Test 2.CT and Test 3.SR for the
single state model by using program U-CARE (Choquet et al., in
press). Both tests have to be non-signiﬁcant under the time-dependent Cormack–Jolly–Seber model to meet the homogeneity
assumption (Lebreton et al., 1992). The two goodness-of-ﬁt test
components are sensitive to different sources of heterogeneity.

Table 1
State coding and transition parameter matrix. An uncertain sex was allocated to nestlings after hatching and true sex was identiﬁed on adults.
Status

Transition parameter (W) matrix
Yearling state

Sex

*

Adult state

Class

State number
1

2

3

4

5

Unknown
Male*
Female*

Yearling state

To
From
1
2
3

0
0
0

0
0
0

0
0
0

W1,4
W2,4
W3,4

W1,5
W2,5
W3,5

Male
Female

Adult state

4
5

0
0

0
0

0
0

1
0

0
1

Uncertain predicted sex allocation.

Table 2
Notations and deﬁnitions of the effects tested on survival, resighting and transition probabilities in our capture–recapture model analysis. Models tested for the effects of time (t),
sex (s) and age between yearling and adult (a). Effects with interaction are written with a() and additive effects with a(+).
Notation

a2
a2s
a(1)s/a(2)
a(1)/a(2)s
a2 + t
a2t
a(1)t/a(2)
a(1)/a(2)t
a(1)t/a(2)s
a(1)s/a(2)t
a2s + t
a2st
a(1)st/a(2)
a(1)/a(2)st
a(1)st/a(2)s
a(1)s/a(2)st
[a(1)s/a(2)]+t
[a(1)/a(2)s]+t
[a(1)s/a(2)]t
[a(1)/a(2)s]t

Sex effect

Time effect

Yearling

Adult






Yearling

Deﬁnition
Adult






















































No sex and no time effect on the two age classes
Sex effect on the two age classes
Sex effect on yearlings only
Sex effect on adults only
Additive time effect on the two age classes
Time effect on the two age classes
Time effect on yearlings only
Time effect on adults only
Time effect on yearlings, sex effect on adults
Time effect on adults, sex effect on yearlings
Sex and additive time effect on the two age classes
Sex and time effect on the two age classes
Sex and time effect on yearlings only
Sex and time effect on adults only
Sex effect on the two age classes, time effect on yearlings only
Sex effect on the two age classes, time effect on adults age class only
Additive time effect on the two age classes, sex effect on yearlings only
Additive time effect on the two age classes, sex effect on adults only
Time effect on the two age classes, sex effect on yearlings only
Time effect on the two age classes, sex effect on adults only
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Test 3.SR aims at detecting transience effect, while Test 2.CT tests
for a trap-dependence effect. Heterogeneity in survival and resighting probabilities among individuals can bias parameter estimates,
e.g. when transience occurs (Pradel et al., 1997; Prévot-Julliard
et al., 1998). If the data met the assumptions of single state model,
the multistate model should ﬁt the data well (Brown et al., 2003).
2.4. Biological hypothesis
To test a parsimonious number of hypotheses on age, sex, time
and rainfall effects, we performed our analysis through a two step
selection procedure (Grosbois et al., 2008). In a ﬁrst step, we
crossed a reduced number of hypotheses to narrow the set of candidate models according to prior biological knowledge (Burnham
and Anderson, 2002). In the second step, we tested whether precipitation in the wintering area inﬂuenced survival using the best
models provided by the ﬁrst selection step. Mean survival resulted
from geometric mean and standard error (SE) were obtained
through the delta-method (Seber, 1982).
2.4.1. First step: reducing the number of hypotheses
Since some transitions could not be observed, we ﬁxed parameters with unrealizable attributes (Clobert et al., 1994). An individual is juvenile only in the ﬁrst-year of life and we then ﬁxed the
transition parameters from a juvenile to any juvenile state at 0,
as well as transition from adult to juvenile states (Table 1). We also
ﬁxed transitions from an adult sex state to itself to 1, assuming no
error in sex determination for adults. In addition, we assumed no
effect of time on transition probabilities. With respect to resighting
probabilities, we considered no sex effect for both yearlings and
adults since: (i) chicks were caught randomly at nests, (ii) resightings of adults were mainly made on paired breeders. The reduced
set of hypotheses in the ﬁrst selection step resulted in 20 hypotheses on survival, ﬁve hypotheses on resighting and one hypothesis
on transition probabilities.
2.4.2. Second step: assessing the effect of Sahel rainfall on survival
The assignation of external covariates of potential biological
interest is a common way to pertinently narrow the number of
parameters of time-dependent models (Grosbois et al., 2008). The
potential effect of the rainfalls in the wintering area (RS in parameter notation) is likely to drive the abundance of preys and can explain time variation in survival. We applied the rainfall covariates
on time-dependent models according to the ﬁrst step selection.
Rainfall effects were tested on the survival only. There was actually
no reason to believe that resighting probabilities on French colonies or transitions from the predicted sex to the true sex could depend on rainfalls in Africa. Many studies resorted to large scale
climate proxies to study temporal variations of demographic
parameter, mainly because the inﬂuence of climatic factors at local
scale can be weak (see Stenseth et al., 2002). In addition, it is very
likely that Lesser Kestrel from the Mediterranean basin wintered in
the western Sahel, from western Senegal to south-eastern Niger
(Pilard et al., 2004, 2005; P. Pilard, unpublished data). Lesser Kestrels from all the western European populations gathered in premigratory roosting places in France, Spain or Italy before travelling
to Africa, mixing together birds of different countries. Hence, there
was no reason to believe that birds from La Crau wintered in a particular resting place different from those of other western European birds. Instead, French birds may be distributed across the
numerous roosting places spread over the large extent of the wintering area in the Sahel region. In this context, the use of a large
scale measurement of the climatic covariates appeared conservative. Sahelian rainfall covariates were precipitation data extracted
from the Climate Prediction Center Merged Analysis Precipitation
(CMAP) database (www.cdc.noaa.gov/cdc/data.cmap.html) of the

western Sahelian region 10–20 N, 20 W–10E, during the period
1994–2006. Precipitation data arose from merging rain gauges
observations with estimates from infrared and microwave satellite
data (Xie and Arkin, 1997), and we calculated the mean daily standardized annual rainfalls.
An alternative approach would be using integrative covariates,
such as vegetation index (e.g. Normalized Difference Vegetation Index (NDVI), see Schaub et al., 2005; Svoray et al., 2008; Grande
et al., 2009), to relate demographic parameters to environmental
variation. Therefore, we also performed early modeling procedures
considering the NDVI variables obtained from the Africa Data Dissemination Service website (http://igskmncnwb015.cr.usgs.gov/
adds) within the same spatial area as considered for rainfall data.
These previous modeling procedures demonstrated no effect of
NDVI on Lesser Kestrel survival. Thus, despite the generally strong
correlation between vegetation and climatic variables, the vegetation index could not fully reveal all factors affecting land surface
functioning in Sahel (Philippon et al., 2005). Even though vegetation may inform on food availability for phytophagous insects
(Schaub et al., 2005), vegetation obviously did not integrate all factors relevant for locust abundance in relation to rainfalls, e.g.
humidity needed for egg-emergences (Karpakakunjaram et al.,
2002).
2.4.3. Testing the impact of rainfall on survival
Signiﬁcance of the relationship between Sahel rainfalls and
survival were assessed through an analysis of deviance (Anodev;
Skalski, 1996). Under the null hypothesis that rainfall has not signiﬁcant effect, the Anodev follows a Fisher-Snedecor distribution
with 1 and (npt–npcov) degrees of freedom, npt and npcov being
the number of parameters in the time-dependent model and the
model with covariates, respectively. The Anodev compares deviances of the constant survival model (Devct), of the time-dependent
model (Devt) and of the model with covariates (Devcov):

FAnodev ¼

Dev ct  Dev cov
 ðnpt  npcov Þ
Dev cov  Dev t

When the Anodev showed a signiﬁcant trend between survival
and the covariates, we evaluated the fraction of variation in survival accounted by the covariates (Grosbois et al., 2008) using
the following statistics (Skalski, 1996):

R2 Dev ¼

Dev ct  Dev cov
Dev ct  Dev t

R2Dev can be seen as a squared correlation coefﬁcient and provides a robust estimate of the minimum fraction of the temporal
variation in survival accounted for by the covariates (Grosbois
et al., 2008). All tests were performed with the version 2.5.1 of
the R statistical software (Ihaka and Gentleman, 1996).
3. Results
3.1. Goodness-of-ﬁt
Goodness-of-ﬁt test indicated a signiﬁcant lack of ﬁt (v235 =
239.502, P < 0.001). When examining the two goodness-of-ﬁt components separately, Test 2.CT showed no signiﬁcant trap-dependent effect (v211 = 16.8509, P = 0.112). The transient test Test 3.SR
was signiﬁcant (v212 = 189.919, P < 0.001), indicating that a large
proportion of marked birds were never seen again. Such violation
of the Cormack–Jolly–Seber model assumptions requires using an
alternative capture–recapture model structure accounting for heterogeneity (Pradel et al., 1997). Accordingly, we considered a two
age class structure on survival to accommodate for this transient
effect. The goodness-of-ﬁt test for this model, based on the re-
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moval of component Test 3.SR from the overall goodness-of-ﬁt,
was still signiﬁcant (v223 = 49.483, P < 0.001). To handle with this
residual heterogeneity, we adjusted the AIC scores in QAIC scores
in the model selection procedure by a variance inﬂation factor
ĉ = 2.151.
3.2. Model selection and parameter estimates
The model selection procedure favoured a model with agedependence of survival: a ﬁrst age class of yearling, exhibiting
transient behaviour, and a second age class being adults. The general model [Sa2st, Pa2t, Wa(1)s] tested for an interaction of sex and
time effects on the two age class survival probabilities, for an interaction of time effect on the two age classes on resighting probabilities, and for a sex effect on transition from juvenile states to adult
states.
3.2.1. First step model selection
The ten best ranked models of the ﬁrst step model selection (Table 3) supported the hypothesis that resighting probabilities varied
with time and age additively. According to these results, resighting
probabilities were higher for adults (from 0.715 ± 0.118 in 1998 to
0.988 ± 0.012 in 2003) than for yearlings (from 0. 311 ± 0.136 in
1998 to 0.947 ± 0.053 in 2003), with similar yearly variations
(Fig. 1).
Biological inferences on survival probabilities were however
more contentious (Table 3). The ﬁve ﬁrst models were within
DQAIC < 2, suggesting contrasting hypotheses on survival trends.
At this stage, uncertainty remained to formalise conclusions about
the way in which survival rates were affected, from the constancy
of the parameter to a sex effect or a time effect or both. Therefore,
explaining time variations through the use of external covariates in

over-parameterized time-dependent models should provide more
conclusive results by increasing statistical power.
3.2.2. Second selection step
Considering the additive time-dependent model Sa2+t, survival
variations across time appeared to be better explained when adding the Sahelian rainfall as external covariate than by the single
time effect (DQAIC = 5.7084 between model Sa2+tRS and model
Sa2+t; Tables 3 and 4). The rainfall dependent survival hypothesis
was favoured in contrast to the hypothesis of constant survival
(DQAIC = 5.3789 between model Sa2+tRS and model Sa2) and Sahel
rainfalls explained signiﬁcantly more than 31% of the deviance in
temporal variation of survival probabilities (Anodev 1, Table 5). Besides, the other inference testing was more conspicuous when considering the external Sahelian covariates (Table 4). For instance,
the sex effect inference was clearly rejected whatever the age class
(DQAIC = 4.4496 with the model S[a(1)/a(2)s]+tRS; rank 3, Table 4).
Additionally, AIC model selection suggested that only yearling survival could be actually affected by annual Sahel rainfalls, whereas
adult survival could stay constant (DQAIC = 2.8584 between the
best model Sa(1)tRS/a(2) and the model Sa2+tRS; rank 2, Table 4).
Conclusively, Anodev statistics conﬁrmed that only yearling survival was dependent on Sahel rainfalls, which explained 46% of
the deviance in yearling survival (R2Dev = 0.463; Anodev 2, Table
5). Temporal variations of yearling survival were presented in
Fig. 2. Adult survival, was constant (0.718 ± 0.013), and yearling
survival varied from 0.263 ± 0.041 (interval 2002–2003) to
0.599 ± 0.036 (interval 2003–2004), with mean 0.499 ± 0.021.
Lastly, transition probabilities between chicks sex allocation
and the adult sex (model Sa(1)tRS/a(2)) revealed a reliable sex assignation from presumed male to adult male (W2,4 = 0.9828 ± 0.0128).
However, sex allocation for females was less efﬁcient, with about

Table 3
QAIC scores of the ten best models obtained during the ﬁrst model selection step (i.e. without the Sahelian rainfall covariates).
Rank

Model

1
2
3
4
5
6
7
8
9
10

Sa2
Sa2 + t
Sa(1)/a(2)s
S[a(1)/a(2)s]+t
Sa(1)t/a(2)
S[a(1)s/a(2)]+t
Sa(1)t/a(2)s
Sa2s + t
Sa(1)st/a(2)
Sa(1)st/a(2)s

Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t

Number of parameters

Deviance

QAIC

DQAIC

19
31
20
32
31
32
32
33
32
33

4427.4877
4376.5724
4426.6963
4375.3258
4379.9285
4376.4844
4379.1584
4375.2646
4379.8529
4379.1023

2096.3392
2096.6687
2097.9713
2098.0892
2098.2289
2098.6278
2099.871
2100.0607
2100.1938
2101.8449


0.3295
1.6321
1.75
1.8897
2.2886
3.5318
3.7215
3.8546
5.5057

Fig. 1. Additive time-dependent resighting probabilities of the Lesser Kestrel population at La Plaine de Crau, France.
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Table 4
QAIC scores of the ﬁve best models obtained during the second model selection step (with the Sahelian rainfall covariates).
Rank

Model

1
2
3
4
5

Sa(1)tRS/a(2)
Sa2 + tRS
S[a(1)/a(2)s]+tRS
Sa2
Sa(1)/a(2)s

Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t
Pa2 + t

Number of Parameters

Deviance

QAIC

DQAIC

20
20
21
19
20

4405.4671
4411.6155
4410.7364
4427.4877
4426.6963

2088.1019
2090.9603
2092.5515
2096.3392
2097.9713

–
2.8584
4.4496
8.2372
9.8694

Table 5
Anodev statistical tests performed to assess the signiﬁcance of the relationship between the temporal variation of survival estimates and the Sahel rainfalls covariate. The
notation, the number of parameters and the deviance of the three models used for the Anodev tests are presented, as well as their associated F statistic (F-Anodev), their p-value
signiﬁcance level (P-Anodev) and their squared correlation coefﬁcient (R2Dev) accounting for the fraction the Sahel rainfalls covariate on temporal survival variations.
Models

Number of parameters

Deviance

F-Anodev

P-Anodev

R2Dev

Anodev 1
Sa2
Sa2+t
Sa2 + tRS

Pa2 + t
Pa2 + t
Pa2 + t

npct = 19
npt = 31
npcov = 20

Devct = 4427.4877
Devt = 4376.5724
Devcov = 4411.6155

4.9823

0.0473

0.312

Anodev 2
Sa2
Sa(1)/a(2)
Sa(1)tRS/a(2)

Pa2 + t
Pa2 + t
Pa2+t

npct = 19
npt = 31
npcov = 20

Devct = 4427.4877
Devt = 4379.9285
Devcov = 4405.4671

9.4847

0.0105

0.463

Fig. 2. Annual variation of Lesser Kestrel survival probabilities. Survival probabilities estimated from the model [Sa(1)t/a(2) Pa2+t] (yearling: white square; adults: black
diamond) and mean rainfalls of their Sahel wintering area (grey bars). We also represent the yearling survival rates estimated with Sahel rainfalls [Sa(1)tRS/a(2) Pa2+t] (black
line) and their 95% conﬁdence interval (dashed grey line).

11% of chicks sexed as females being actually adult males (W3,4 =
0.1144 ± 0.0295). Considering unknown sexed chicks resighted at
least once as adult, about half were males. Additionally, transition
probabilities remained very similar for all models given in Tables 3
and 4, suggesting robust estimates of transition parameters.
4. Discussion
4.1. Resighting and transition probabilities
Resightings of yearlings and adults were affected in the same
way (Fig. 1), in line with previous conclusions for this population
(Prugnolle et al., 2003). Yearlings exhibited lower resighting rates,
suggesting that they were more difﬁcult to observe than older individuals. Actually, Lesser Kestrels are sexually mature at the end of
the ﬁrst-year of life, but can also stay non-breeders. Yearlings
remaining non-breeder may be more prone to vagrancy, making
them less easy to see than adults.
Transition probabilities suggested that the sex-ratio of birds for
which sex was unknown as chicks and returning to La Crau was

close to 1, slightly biased toward males (W1,4 = 0.5263 ± 0.1367).
False female assignations were more frequent than false male
assignations (W3,4 = 0.1144 ± 0.0295; W2,5 = 0.0172 ± 0.0128). In
fact, males sexed as chicks may not fully exhibit their sexual
plumage determinants, and may look like a young female. It was
impossible to estimate the chick sex-ratio or to infer either sexdependence in the transient behaviour. Actually, the true sex was
only known for birds that survived and did not disperse to another
place, so that transition probabilities were estimated from birds
that were resighted at the study area.
4.2. Survival estimates
Survival was strongly and positively correlated with annual
rainfall of the Sahelian wintering area. Sahel rainfalls appeared to
affect only yearlings, adult survival being constant over time
(Fig. 2). In contrast, the effect of sex on survival was not detected,
while we could suspect e.g. asymmetric costs between sexes due to
the energetically costly egg-laying period (Tavecchia et al., 2001),
nest predation during the brooding (Serrano et al., 2004) or size
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differences between sexes (Torres and Drummond, 1997). Mortalities at the breeding site appeared to be of low incidence compared
to the mortality during the overall year, conﬁrming previous conclusions that sex-dependence of Lesser Kestrel survival was unlikely (Serrano et al., 2005).
Survival was quite high for adults (0.718 ± 0.013), and varied
between 0.263 ± 0.041 and 0.599 ± 0.036 for yearlings (mean
0.499 ± 0.021). The fact that young were more sensitive to Sahelian
rainfalls than adults could entail two main explanations. First,
juveniles and adults could winter on different areas across the
western Sahel. However, according to ﬁeld observations, resting
places gathered young as well as adults in the same places (P. Pilard, unpublished data), so that in absence of more robust information this hypothesis is not very much supported. Second, the
difference between young and adults could reside in hunting skills,
adults having higher competing abilities and experiences than
young. Lesser Kestrel survival of the La Crau population was close
to that obtained in a previous study of the same population (Prugnolle et al. (2003); 0.67 ± 0.06 and 0.57 ± 0.05 for adult and juvenile, respectively) and was in accordance with other European
populations (e.g. in adults 0.72 ± 0.015 in large colonies in Serrano
et al. (2005) and 0.7101 in Hiraldo et al. (1996)). Prugnolle et al.
(2003) underlined that the difference between yearling survival
in La Crau and Spanish populations approached signiﬁcance,
according to yearling survival of 0.34 in Hiraldo et al. (1996). Local
survival estimates did not explicitly disentangle breeding or natal
dispersal from mortality. Low survival may be explained both by
dispersal into other populations for juvenile that survived but emigrated, as well as by juveniles that died during the ﬁrst-year of life.
Hiraldo et al. (1996) warned against a possible underestimation of
yearling survival due to a strong natal dispersal. The French population of La Crau is quite isolated from others, whereas Spain supports a dense network of Lesser Kestrel populations. Accordingly,
Spanish populations may exchange more individuals with others
than the La Crau population, and since ﬁdelity increases with age
(Serrano et al., 2001), non philopatric birds will deﬁnitely disappear from their initial colony while still alive.
Lastly, the strong impact of Sahel rainfalls on juvenile survival
could be generalized to all western European breeding populations. Until recently, little was known about wintering areas of
European Lesser Kestrel but the identiﬁcation of French, Italian
and Spanish Lesser Kestrels in Senegal corroborate the hypothesis
of common resting areas in winter for birds of the western Europe
(P. Pilard, unpublished data). Annual survival of Lesser Kestrel may
likely be driven both locally on breeding grounds (e.g. local climatic conditions, nest predation) and globally on wintering
grounds (e.g. by Sahel rainfalls).
4.3. Effect of environmental conditions on survival and causes of
decline
The western European populations of Lesser Kestrel have experienced rapid declines, equivalent to 46% in each decade since 1950
(Biber, 1990). Several hypotheses have been proposed to explain
this decline, basically falling into two types of factors: those affecting reproduction and those affecting survival. The reduction of
suitable nest site availability and the related increasing competition with other cavity nester species (Blanco and Tella, 1997; Franco et al., 2005), as well as the increasing use of pesticides reducing
egg fertility (Bustamante, 1997), seemed to decrease fecundity. Climate changes and spring precipitations have been shown to impact
breeding success (Rodriguez and Bustamante, 2003). Although
accounting for a part of the slump of the species, reproduction
should have been dramatically low to be entirely held responsible
for the historical decline, since the population growth rate of Lesser
Kestrel is more sensitive to survival than to fecundity (Hiraldo
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et al., 1996). The diminution of Lesser Kestrels populations was
likely to mainly result from reduced survival, through predation
and changes in foraging habitat structure or quality linked to modiﬁcations in land uses (Cramp and Simmons, 1980; Donázar et al.,
1993). Surprisingly, to our knowledge, all the studies aiming to infer the decline of the Lesser Kestrels only focused on factors acting
on the summering area, and none on wintering areas. Yet, shifts in
foraging behaviour of long-distance migratory raptors species,
resulting in an increase of their group size, coincide with locust
eruptions in arid sub-Saharan area (Sanchez-Zapata et al., 2007),
and reproductive success of European long-distance migratory
insectivorous birds decreased with insect availability (Newton,
2004). Our results do not prove causal relationship between locust
dynamics and Lesser Kestrel survival. Nevertheless, Lesser Kestrel
survival related to Sahelian rainfalls may corroborate the central
place of locust pulses in arid sub-Saharan food webs (Sanchez-Zapata et al., 2007). The rainiest period in the Sahel (from June to September) corresponds to the reproductive season of Orthopterans,
happening just before the arrival of Lesser Kestrels. Survival may
be largely and negatively affected by a reduction in the availability
of the insect feeding resource. Severe drought episodes in the Sahel
region occurred during the last decades (Shanahan et al., 2009).
Past droughts have certainly contributed to reduce Lesser Kestrel
survival, likely explaining a strong part of the historical decline
of the species in strengthening the impact of threats acting in the
Mediterranean area.
4.4. Linking climate to demographic parameters
Dealing with climatic variables is needed for evaluations of species sustainability, and may help to identify more precisely the
spatial extent of wintering grounds in long-distance migratory
birds. Indeed, in species for which information on non-breeding
resting places remains limited, evidence for effects of local or regional variables on demographic parameters can corroborate
hypotheses based on limited ﬁeld observations. In addition, assessing the sensitivity of the growth rate and population viability in response to the predicted magnitude of global changes can improve
the relevance of future conservation scenarios, including e.g. larger
stochastic range of variation in demographic parameters. Besides,
climatic variables, such as precipitation and temperature, can beneﬁt from available predictions (IPCC, 2007), and can offer population dynamics forecasting (Jenouvrier et al., 2009).
4.5. European migrant bird conservation in the Sahel
Severe drought episodes causing substantial ecological disturbances will likely impact the Sahel in the future (Shanahan et al.,
2009). Such predictions provide realistic scenarios and opportunities to point future conservation priorities. For instance, identifying
switch in environmental changes may help deﬁning the continental or regional scale at which efforts should focus for the conservation of migratory species. Even if not much can be done to counter
the severity of droughts, the preservation of particular habitats of
current or future distribution ranges from other threats could buffer effects of climate changes. A gathering of more than 28,000 Lesser Kestrels has been reported in a single resting place of
0.5 hectare and whose feeding area covered less than 8000 km2
in Senegal in 2007 (P. Pilard, unpublished data). This strong gregarious behavior, concentrating between 30% and 50% of the west
European populations in such a ‘‘hotspot”, may have huge implications for species conservation and entails maintaining the integrity
of resting places and their surrounding areas.
The dependence of European long-distance migratory birds on
Sahelian rainfall and on locust emergence could explain a signiﬁcant part of the decline of Afro-Palaearctic migrant birds wintering
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in African open lands through the last 25 years. At the same time,
many locust and grasshopper species remain agricultural pests in
the Sahel region (Skaf et al., 1990). Strategies to control Acridid
have been widely used during the last decades (Lomer et al.,
2001), and can still represent a threat to migratory and resident
bird species in sub-Saharan areas. Links between threatened species and plague species entail several problematic issues. Chemical
pesticide sprayings narrowed Acrididae population abundance and
range throughout Africa during the last decades (Duranton and Lecoq, 1990), and organochlorine contaminants may decrease both
survival (Mineau, 2002) and fertility in birds (Bouwman et al.,
2008). Pest controls aim to protect human livelihoods from their
damages and remain obviously of an indisputable necessity. Locust
controls have then to be carefully rationalized to maintain both human beneﬁts and ecosystem conservation (Sanchez-Zapata et al.,
2007). Conservation efforts at the Mediterranean basin only may
be fruitless if nothing is done to protect African wintering grounds.
Partnerships between human populations and governmental institutions must be encouraged to cooperate in order to coordinate
conservation efforts at local and international scales.
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