
Many bird populations are subject to wide fluctuations
in abundance from one year to the next (Newton 1998,
Sæther et al. 2002, 2016). These fluctuations are
caused by losses and gains of individuals in the popula-
tion. Survival, recruitment, emigration and immigra-
tion are the four key processes that cause demographic
variation (Sibly & Hone 2002). Variation in the survival
probability of adults or juveniles and/or changes in
reproductive success could strongly affect population
size. Despite being an intensively investigated field,
studying the main drivers of survival and reproduction
has always proved to be a difficult task (Newton 1998).
In more recent years though, a growing number of
studies that investigate the relationship between demo-
graphic rates and fluctuations in population size have
been published (e.g. Shaub & Abadi 2011, Morrison et
al. 2013, Robinson et al. 2014). Understanding how the

environment affects populations is of fundamental
interest both in ecological sciences and in conservation.
In particular, it can allow the identification of the
causes underlying population declines, and can help to
target conservation efforts in ways that could halt or
reverse a decline (Norris 2004, Shaub & Abadi 2011).

Many species of long-distance migrants are decreas -
ing across Europe (Sanderson et al. 2006, Both et al.
2010, Vickery et al. 2014) and the causes of the
declines are often linked to climate change, which can
act by altering phenology and breeding success (Both &
Visser 2001, Visser et al. 2004, Ambrosini et al. 2011).
Here, we present the results of a study on Sand Martins
Riparia riparia: a member of the Hirundinidae family
that is threatened by changes in both climate and
habitat (Garrison 1999, del Hoyo et al. 2004). The
species is a trans-Saharan migrant (Mead 1979), which
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is common in Italy during the breeding season. In
Europe, it is classified as Species of European Conser -
vation Concern (SPEC) category 3 (Burfield & van
Bommel 2004) and as Least Concern according to the
2012 IUCN Red List Category, but the population trend
has been assessed as decreasing worldwide, and it has
experienced large-scale population declines since the
early 1960s (Cowley 1979, Jones 1987, BirdLife Inter -
national 2012). According to the most recent popula-
tion assessment (BirdLife International 2015), Sand
Martin populations are decreasing in many European
countries and the Italian population is reported to be
strongly decreasing (Brichetti & Fracasso 2007,
Campedelli et al. 2012).

Previous studies have established that climatic
factors in the African wintering quarters are crucial in
the annual life cycle of a wide range of Palearctic long-
distance migrant birds (Peach et al. 1991, Szép 1995,
Robinson et al. 2008, Norman & Peach 2013). In partic-
ular, Sand Martin population surveys throughout
Europe have shown the importance of climatic condi-
tions in the wintering grounds: the sub-Saharan region
of the Sahel (Kuhnen 1975, Cowley 1979, Svensson
1986, Persson 1987). Survival seems to be related to
rainfall in the Sahel, which is usually characterized by a
single wet season from June to October, and drought
conditions appear to have a negative effect on survival.
Severe dry conditions have characterized the years in
which the studies of Kuhnen (1975), Cowley (1979),
Svensson (1986) and Persson (1987) were carried out
(i.e. 1970–1990; Nicholson 2000). During the past 15

years, the Sahel has experienced less extreme condi-
tions, with a more stable amount of summer rainfall
(Evan et al. 2014, Sanogo et al. 2015).
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In June 2008, the Sand Martins built
their nests in sand heaps very close to
the working area of the quarry.    

Sand Martin in flight (photo: B. Gai).     
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We analysed ringing data from a Sand Martin popu-
lation in north-western Italy collected over 12 years
using capture-mark-recapture analysis. The aim of the
study was to assess the trend in the studied population,
to test relationships between survival and climate
indices (Sahel rainfall and North Atlantic Oscillation
(NAO)) in years in which drought conditions in the
wintering grounds are not an issue, and therefore to
better understand the population dynamics of this
species.

METHODS

Study area and breeding colonies
The study area was located along a c. 25 km stretch of
the river Po in the River Po and Collina Torinese
Regional Park, to the south of Turin, Italy (between
44.971°N, 7.693°E and 44.832°N, 7.636°E) and
included all 15 commercially managed quarries that
were present within the area. Nine quarries were active
throughout the duration of this study. Building mate-
rials, such as sand and gravel, are excavated from the
ground along the river course and, when the extraction
is over, the quarry is usually restored to a more natural
state. Sand Martins utilised active quarries because of
the abundance of sand cliffs free of vegetation where
they could build nests. The colonies were monitored
from 2002 to 2016, and all active nesting holes were
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Sand Martin colony near the quarry lake in June 2016.     

Adult Sand Martin photographed during a ringing session in
June 2016.      



counted to provide an independent measure of changes
in adult abundance. The population was divided into
different colonies each year, occupying usually 2 or 3
different quarries.

Sand Martins were caught at breeding colonies
using mist-nets, mostly in the morning. The number of
capture sessions ranged from one to seven per year (at
least one per colony) and took place between May and
July from 2002 to 2014. Sand Martins were individu-
ally marked with numbered metal rings issued by the
Italian Ringing Scheme (ISPRA – Istituto Superiore per
la Protezione e la Ricerca Ambientale). Individuals
were sexed according to the presence or absence of a
brood patch and/or shape of the cloaca according to
Cowley (1999) and aged as adults or juveniles
(Svensson 1992).

Mark–recapture analysis
We estimated annual survival probabilities from
capture-mark-recapture (CMR) data using multinomial
probability models (Lebreton et al. 1992). These models
allow for the incomplete registration of surviving and
returning birds by describing the CMR data as the
product of recapture and apparent survival probabili-
ties. All survival and recruitment analyses were
conducted using the software MARK v. 6.0 (White &
Burnham 1999). The database contained a total of
2856 adult Sand Martins (1364 males, 1179 females
and 313 undetermined), of which 170 (84 males 80
females and 6 undetermined) were controlled one or
more times during the subsequent years. For the
analysis, we used only the data belonging to adult
sexed Sand Martins (2543 individuals), because the
number of recaptured juveniles was too small (8 out of
205 marked individuals). We started the analysis with a
Cormack–Jolly–Seber (CJS) model for two groups
(Lebreton et al. 1992), in which both survival and
recapture could differ between years and between
sexes. The model provided a reasonable description of
the data according to the goodness-of-fit (GOF) tests
computed with the program U-CARE (Choquet et al.
2005; overall GOF for both sexes combined: c244 =
18.9, P>0.9). We found no transient effect (test 3.SR:
c210 = 2.9, P>0.9 for males and c211 = 3.2, P>0.9 for
females), no trap-dependence effect (test 2.CT: c25 =
5.3, P> 0.3 for males and c29 = 3.2, P> 0.9 for
females) nor any other structural problems (all P’s for
sex-specific tests 3.SM and 2.CL>0.3).

We attempted to simplify the CJS model to achieve
a parsimonious description of the data by constraining
model parameters to be constant across years and/or
identical or additive across the sexes (Lebreton et al.

1992). We used Akaike's information criterion adjusted
for small sample size (AICc) to guide model selection
(Burnham & Anderson 2002, Lebreton et al. 1992). The
model with the lowest AICc value was chosen as the
starting model for the subsequent analyses with
climatic variables.

Due to the variation in the number of capture
sessions, recapture probability was modelled to assess
whether inter-annual variations were explained by the
number of sessions or by the observed annual capture
rate (i.e. the total number of adults captured divided by
the total number of nest-holes).

Survival and climate
The relationship between adult survival and weather
was then investigated in two important phases of the
birds’ life cycle: wintering and migration. The North
Atlantic Oscillation index is a measure of the difference
in the atmospheric pressure at sea-level between the
Subtropical (Azores) High and the Subpolar (Iceland)
Low and can provide an indication of weather along
the migration route of the Sand Martins. We used the
annual aggregated PC-based NAO index provided by
the Climate Analysis section of NCAR, Boulder, USA
(www.climatedataguide.ucar.edu/climate-data/hurrell-
north-atlantic-oscillation-nao-index-pc-based). In the
wintering grounds, survival can be affected by droughts.
Therefore, we decided to test Sahel and Chad rainfall as
proxies of the rainfall in the West African winter quar-
ters. This includes the area where Sand Martins winter
(Robinson et al. 2008, Norman & Peach 2013), and
where the only African ringed bird recovered in Italy
was from (Spina & Volponi 2008).

The Sahel rainfall index was calculated as the mean
(across weather stations) normalized anomaly covering
the area between 10°–20°N and 20°W–10°E for the
main wet season between June and October, used in
the aggregated form. Data were obtained from the
Joint Institute for the Study of the Atmosphere and
Ocean (JISAO), University of Washington, Seattle, USA
(www.jisao.washington.edu/data_sets/sahel/). Previ -
ous studies have found a positive relationship between
the Sahel rainfall index and bird survival (Kanyamibwa
et al. 1990, Peach et al. 1991 Norman & Peach 2013).

The second index is rainfall data relative to the area
of the Lake Chad basin. The Chad basin is a portion of
the Sahel Zone where the presence of large flocks of
Sand Martins had been recorded (Fry et al. 1970,
Gustafsson et al. 2003). Data were obtained from the
USGS/EROS Data Center (EDC) (http://earlywarning.
usgs.gov/fews/mapviewer/index.php?region=af,
accessed on December 2014).
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The three weather variables were standardized to
the mean. We tested for relationships between adult
survival and the three potential weather variables by
fitting models in which year-specific survival was
constrained to be a linear logistic function of one of the

potential covariates. We checked for non-linear
covariate relationships by adding quadratic terms.

The AIC allows the most parsimonious model set,
defined as those with DAICc ≤ 2, to be identified from
various plausible candidates (Burnham & Anderson
2002). We also applied analysis of deviance (ANODEV)
to assess the statistical significance and relative
strength of the covariates used in the model (Lebreton
et al. 1992, Kéry et al. 2006). Model averaging was
used to estimate annual survival probabilities.

RESULTS

Nest count
The number of active nest-holes ranged from a
minimum of 305 in 2002 to a maximum of 934 in 2007
(Figure 1). A Generalized Additive Model of the number
of nests in sand quarries against year revealed a signifi-
cant non-linear positive relationship (c28.996 = 894.3,
P>0.001, deviance explained = 90.5%). Only in the
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Model DAICc
a AICc Model n.p. Deviance ANODEV (F, P; % variation 

Weight Likelihood explained)

Modelling recapture probability
1) 𝜙(g×t)p(g×t) 6.23 0.01 0.04 39 59.43
2) 𝜙(g×t)p(g+t) 7.38 0.01 0.02 33 72.94
3) 𝜙(g×t)p(t) 14.39 0.00 0.00 33 79.94
4) 𝜙(g×t)p(CR) 9.89 0.00 0.01 24 93.86 F1,16 = 9.553, P = 0.008; 38.91
5) 𝜙(g×t)p(N) 27.06 0.00 0.00 24 111.03 F1,16 = 1.223, P = 0.286; 7.53
6) 𝜙(g×t)p(g) 27.57 0.00 0.00 24 111.55
7) (g×t)p(.) 29.78 0.00 0.00 23 115.79

Modelling survival rate
8) 𝜙(g×t)p(g×t) 11.31 0.00 0.00 34 74.81
9) 𝜙(t)p(g×t) 14.98 0.00 0.00 34 78.48

10) 𝜙(g)p(g×t) 0.00 0.22 1.00 25 81.93
11) 𝜙(.)p(g×t) 2.33 0.07 0.31 24 86.31

Testing relationships with weather (all models with p(g×t)) 
12) 𝜙(g_NAO) 0.19 0.20 0.91 26 80.08 F2,15 = 1.960, P = 0.180; 23.16
13) 𝜙(g_Sahel) 0.67 0.16 0.72 26 80.56 F2,15 = 1.768, P = 0.209; 21.39
14) 𝜙(g_Chad) 0.68 0.15 0.71 26 80.58 F2,15 = 1.761, P = 0.210; 21.32
15) 𝜙(g_NAO+NAO2) 2.21 0.07 0.33 27 80.06 F3,15 = 1.212, P = 0.348; 23.25
16) 𝜙(g_Sahel+Sahel2) 2.67 0.06 0.26 27 80.51 F3,15 = 1.099, P = 0.387; 21.55
17) 𝜙(g_Chad+Chad2) 2.69 0.06 0.26 27 80.54 F3,15 = 1.093, P = 0.390; 21.45

a best model AICc = 1462.86.

Table 1.Modelling the survival (𝜙) and recapture (p) probabilities of Sand Martins. Model subscripts represent dependence on year
(t) and gender (g). Interactive effects are shown by × and additive effects by +. Covariates of recapture probability are capture rate
(CR) and number of sessions (N). Covariates of survival are annual NAO index (NAO), JJASO Sahel rainfall index (Sahel, consid-
ering all the rainy season months) and annual Chad rainfall index (Chad). AICc: Akaike’s information criterion; n.p.: number of
parameters. The model highlighted in bold provides the most parsimonious description of the data, scoring a value of DAICc within 2.         
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Figure 1. Number of nests per year from 2002 to 2016 counted
during the censuses of the breeding colonies in riverbanks (light
grey) and quarries (dark grey) respectively.      



first year of the study were we able to find nests in the
riverbanks; during all other years the colonies were
located in the adjacent quarries. 

Adult survival
We investigated how adult recapture and survival prob-
abilities (F) varied among years and between sexes
(models 1–11, Table 1). We started from the most
complex model for F, with an interactive effect of time
and sex, to model recapture probability. Adult recapture
probability was dependent on an interactive effect of
time and sex (model 1, Table 1). The pattern of inter-
annual variation in recapture probabilities appeared to

be different between sexes, with an average value of
0.135 ± 0.097 for males and 0.247 ± 0.177 for
females, over the course of the study. Capture rate was
a significant positive predictor of inter-annual variation
in recapture probability (model 4, Table 1), but the
AICc was higher than that of model 1 (DAICc = 3.66).
Model 1 was therefore less parsimonious and the 95%-
confidence interval of estimated capture rate over-
lapped zero. In modelling survival probability, the most
parsimonious model showed a survival probability
dependent on sex (model 10, Table 1). Apparent
survival was on average 0.379 ± 0.090 for males and
0.262 ± 0.081 for females. It was therefore decided to
retain the model 10 structure for survival and recapture
probabilities in all subsequent modelling to avoid
potential bias in survival estimates.

Climate and survival
Using the structure of model 10, we investigated the
relationship between weather and winter survival
(models 12–17, Table 1). The three linear models with
meteo-climatic covariates (models 12, 13 and 14) had
AICc values higher than that of model 10, but too close
to be considered different from it (DAICc < 2). Models
with the quadratic term (models 15, 16 and 17) had
AICc values higher than model 10 and with a DAICc< 2
compared to the best model. The 95%-confidence
interval of meteo-climatic variables also overlapped
zero, meaning that the variables were not significantly
different. ANODEV indicated that the variables did not
add any significant explanation to the inter-annual
variation in adult survival (P>0.05 for all models).
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Year 𝜙 (Males) 𝜙 (Females) p (Males) p (Females)
Estimate SE Estimate SE Estimate SE Estimate SE

2003 0.418 0.128 0.311 0.139 0.000 0.006 0.227 0.219
2004 0.367 0.084 0.251 0.066 0.052 0.053 0.056 0.057
2005 0.417 0.108 0.299 0.096 0.161 0.125 0.308 0.160
2006 0.370 0.056 0.254 0.050 0.108 0.047 0.386 0.121
2007 0.379 0.059 0.261 0.055 0.229 0.075 0.324 0.119
2008 0.414 0.081 0.284 0.063 0.066 0.028 0.136 0.066
2009 0.389 0.095 0.262 0.062 0.103 0.036 0.165 0.068
2010 0.371 0.066 0.256 0.057 0.013 0.013 0.105 0.068
2011 0.297 0.107 0.201 0.097 0.493 0.283 0.392 0.229
2012 0.407 0.084 0.283 0.076 0.022 0.016 0.039 0.029
2013 0.330 0.085 0.220 0.070 0.221 0.097 0.438 0.263
2014 0.384 0.128 0.267 0.140 0.153 0.386 0.389 0.724

Table 2. Estimate of inter-annual apparent survival (𝜙) and recapture (p) probabilities and standard error (SE) for male and female
adult Sand Martins. Year refers to the calendar year end points (e.g. survival during 2002–03 is referred to the year 2003).         
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Figure 2. Variation in inter-annual apparent survival probabili-
ties + standard error for male and female adult Sand Martins.
Survival is plotted against its calendar year end points, called
recapture year (e.g. survival during 2002–03 is plotted against
2003).       
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We calculated annual survival probabilities through
model averaging of all DAICc < 2 models. Annual
survival varied from 0.297 to 0.418 for males and from
0.201 to 0.311 for females (Table 2 and Figure 2).
Apparent annual survival probabilities for males were
significantly higher than for females (z-test: z = 8.452,
P>0.001).

DISCUSSION

Nest hole surveys showed that the number of adults
and the number of nests changed over the course of the
study period following a non-linear positive trend.
Survival of adults in the studied population was not
correlated with weather conditions in wintering areas,
and the population was stable or even growing during
the study period. Therefore, the obtained results seem
to suggest that the amount of rainfall in the wintering
grounds is currently not the main cause of the
continued population decline observed at a European
level (BirdLife International 2015).

Adult survival
The recapture probabilities varied between sexes and
years. The latter was probably related to the capture
rate, because, despite not being the most parsimonious
model, capture rate was a significant positive predictor
of inter-annual variations in recapture probability. The
higher female recapture probabilities may be related to
the variable and generally higher nest attentiveness of
females as observed by Heneberg (2011).

The average survival probabilities were similar to
those obtained in previous studies (Szép 1995, Cowley
& Siriwardena 2005, Norman & Peach 2013), but
showed a stronger and significant difference between
males and females. Other studies, with the exception of
Szép (1995), have reported lower apparent survival
amongst female Sand Martins (males: 0.312 ± 0.026,
females: 0.289 ± 0.026, in Cowley & Siriwardena
2005; males: 0.380 ± 0.012, females: 0.318 ± 0.012,
in Norman & Peach 2013). As reported by Norman &
Peach (2013), this might partially be caused by a lower
breeding site fidelity in females, but in our case there is
a more marked difference, with values for males
(0.379) similar to the second study, and very low
values for females (0.262).

Survival, climate and population trend
We did not find relationships between Sand Martin
survival and several meteo-climatic indices (Figure 3).
The models with climatic variables had AICc-values

very close to the best model without the meteo-climatic
variables, and the confidence intervals included zero.
However, the AIC scores suggest that there may be
some weak influence of climate on survival. There
could be several reasons for the lack of a clear relation-
ship between survival probability and meteo-climatic
variables. One might be the lack of accurate informa-
tion on the location of the wintering grounds. We still
do not have any recapture data in Africa for our Sand
Martin population, while we know from recovery data
that British birds are found in Mali, Mauritania and
Senegal (Robinson et al. 2015). It is possible that the
wintering grounds used by our population are different
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Figure 3. Variation in inter-annual apparent survival probabili-
ties + standard error for male adult Sand Martins in relation to
climatic variables: Sahel rainfall index (considering all the rainy
season months; (A)), annual NAO index (B) and annual Chad
rainfall index (C). All sets of variables are plotted against their
calendar year end points, called recapture year (e.g. survival
during 2002–03 is plotted against 2003).        



from those used by the Sand Martins of the Hungarian
populations studied by Szép (1995) and British popula-
tions studied by Cowley & Siriwardena (2005) and
Norman & Peach (2013), where there was a strong rela-
tionship between mortality and low precipitation.
These populations may therefore be subject to different
conditions for which our data are not representative.

Another reason may be found by considering the
annual survival values obtained in this study (Figure
2), their relationship with the climatic variables (Figure
3), and the Sahel rainfall index values of the last 114
years (Figure 4). First, the variation in survival proba-
bilities among years (0.30–0.44 for males, 0.18–0.28
for females) was not as pronounced as in other studies
(for example: 0.11–0.66 for both males and females in
Norman & Peach 2013, and see Cowley & Siriwardena
2005). Second, during the years considered in this
study, the meteorological conditions were less extreme
compared to those observed between 1970 and 2000.
Several studies conducted in 1970–2000 found a rela-
tionship between survival and Sahel Rainfall index i.e.
those of Szép (1995; monitoring years 1986–1994),
Cowley & Siriwardena (2005; 1967–1992) and
Norman & Peach (2013; 1981–2003). These studies
included a series of years with very strong drought due
to reduced rainfall in the Sahel region (Nicholson
2000) which was correlated with a reduction in
apparent survival probability. After this period, rainfall
partially increased, and during the past 15 years this
area has experienced a more stable amount of summer
rainfall and no years with very dry conditions (Evan et
al. 2015, Sanogo et al. 2015). This may have caused
the lack of a relationship between weather and winter
survival in our study.

Local causes of changes in population size could
conceal the effects of variation in winter climate or
habitat conditions. In contrast with national and
European trends, the studied population has been char-

acterized by fluctuating numbers with a positive trend
(Figure 1). Although the relationship between Sahelian
rainfall and survival seems to be the main cause under-
lying the population decline in the 1980s and 90s,
other factors, such as habitat quality or loss may have
recently become more severe. Sand Martins breeding
along rivers require eroded vertical banks for nesting
burrows, while riparian ecosystems are stressed by
multiple human needs, and flood control infrastruc-
tures and channelization are affecting breeding Sand
Martins worldwide (Moffatt et al. 2005). At the time of
this study, our population was not nesting in river-
banks, but in the surrounding quarries, where it was
guarded and monitored by the park staff, and hence it
may have been relatively protected compared to other
populations that may have suffered from the loss of
nesting habitat. 
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SAMENVATTING

Veel Europese langeafstandstrekkers nemen in aantal af. Die
afname wordt vaak in verband gebracht met klimaatverande-
ring. Dit is ook het geval bij de Oeverzwaluw Riparia riparia,
waar voorheen langdurige droogtes in de Sahel waren gerela-
teerd aan een lagere overleving en populatieafname. Lang -
durige droogtes zijn echter in de laatste 15 jaar minder vaak
voorgekomen. Toch neemt de Europese populatie nog steeds
verder in aantal af. In dit artikel wordt van een geringde broed-
populatie van de Oeverzwaluw de relatie tussen overleving en
klimatologische factoren in de Sahel in 2002–2014 onderzocht.
De Oeverzwaluwen broedden in zandafgravingen lang de Po in
het noorden van Italië. Alleen in het eerste onderzoeksjaar
werden er nesten in de rivieroever gevonden. De broedvogelpo-
pulatie fluctueerde sterk (tussen 300 en 900 broedparen). De
jaarlijkse overleving van volwassen Oeverzwaluwen varieerde
tussen de beide geslachten (mannetjes: 0,379; vrouwtjes:
0,262) en varieerde niet tussen de jaren. Er werd geen correlatie
gevonden tussen de overleving en klimatologische factoren in
het overwinteringsgebied, zoals de regenval in de Sahel. De
onderzoekers concluderen dan ook dat de omstandigheden in
het overwinteringsgebied tegenwoordig een kleinere rol in de
populatieontwikkeling spelen dan voorheen en dat de oorzaak
van de huidige afname van de broedvogelaantallen eerder in
het broedgebied moet worden gezocht, zoals verslechtering en
verdwijning van geschikt broedhabitat.
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