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Individual-based data on little terns Sterna albifrons at a post-breeding moulting area
were used to investigate the spatial extent at which this site attract birds. Combining
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captured a few months later at the moulting site, we estimated a survival/movement
parameter for each age-by-colony combination. This parameter is the product between
the survival probability and the probability to visit the moulting site. The distance
between the natal colony and the moulting site negatively influenced the probability of
reaching the site in yearlings. Having corrected for the distance from the moulting area,
colony characteristics explained only about 10% of the spatial variation in the survival/
movement parameter of juveniles. In older birds that had visited the site at least once in
their life, neither the colony nor the distance affected the survival/movement parameter
significantly. The average annual adult survival/movement probability was 0.90.
Juvenile survival between June and September was 0.60. Overall results suggest that
the moulting area could act as a ‘population funnel’ within a system of moult migration
that involves birds breeding up to 500 km away. However, other unknown moulting site
must exist within this area that could be important for the conservation of the species.
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Much information on avian migratory strategies is

collected at particular sites where individuals converge

to refuel during migration, i.e. stopover sites (Freder-

iksen et al. 2001, Gauthier et al. 2001, Schaub and Jenni

2001, Schaub et al. 2001), or to complete feather

replacement, i.e. moulting sites (Hötker and Frederiksen

2001). These sites act as ‘population funnels’, attracting

individuals from very large areas. They give a unique

opportunity to obtain a snapshot of populations other-

wise dispersed over vast areas (Boere 1976, Jehl 1988). A

peculiarity of moulting sites is that they may represent

the goal of separate movements, differently oriented

from true migration routes. The so-called moult migra-

tions are usually directed to sites with low predation

pressure and abundant food resources (Salomonsen

1968, Jehl 1990), to deal with the high energy demands

of feather replacement, increased flying costs and greater

vulnerability (Jehl 1990, Murphy 1996, Swaddle et al.

1996, Swaddle and Witter 1997, Hedenström and

Sunada 1999). The location of the moulting areas and

the extent to which these sites attract individuals from

different breeding areas are often unknown. Yet, this has
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very important consequences for population dynamics

and conservation strategies. For waterbirds in particular,

the need of preserving the main stopover sites along each

flyway has long been recognised (Szijj 1972, des Clers

1976, Smit and Piersma 1989, Evans et al. 1991), and is a

high priority in the general strategy of bird conservation.

Stopover and moulting sites expose populations to high

risks, as shown by species or populations threatened by

factors acting at non-breeding sites (Archibald and

Landfried 1993, Madsen 1996).

A large post-breeding roost of little terns Sterna

albifrons discovered in the Lagoon of Venice, Italy,

was the goal of a moult migration. Thousands of birds

moved in a mainly northern direction from their

colony sites before finally departing on a south-west

route towards the winter quarters (Cherubini et al.

1996). The little tern is a small, long-distance migra-

tory waterbird that breeds colonially along seashores,

on river banks and in lagoons throughout the

Mediterranean basin and Northern Europe. Since

1990 the species has declined throughout its European

range and it is locally threatened by human pressure

along seashores and the largest rivers (Fasola et al.

2002). The European population is thought to spend

the winter along the western coasts of Africa (Cramp

1985, Muselet 1985). After breeding, adults undergo a

moult process that may simultaneously involve two

series of primary feathers. Feather replacement is

temporarily suspended to allow a 7,000 km journey

(Cherubini et al. 1996). Juveniles follow adults for

several weeks after the colonies are vacated and,

despite starting moult later, also visit the moulting

areas (Serra 1993, Cherubini et al. 1996). Recaptures

of ringed birds proved that moulting flocks in the

Lagoon of Venice attract adults and juveniles from a

basin that encompasses the entire eastern Adriatic

coast (Cherubini et al. 1996). A large number of

colonies fall within this range, hosting a total of about

6,000 pairs that makes Italy rank first among Eur-

opean countries for this species (Fasola et al. 1989,

Muselet 1997). However, recent censuses suggest a

decrease of the Italian population due to breeding

habitat loss and human disturbance (Cherubini et al.

1996, Fasola et al. 2002). The high concentration of

birds at this site, and a high risk of habitat loss due to

inappropriate site management and to a direct negative

impact from the construction of a tide regulation

system protecting Venice city from high waters

(Bourdeau et al. 1998, Ravera 2000, Pirazzoli 2002),

suggested an opportunity for further analyses of its

role and significance at larger scale. In this paper we

investigated the extent to which the colony of birth

influenced the probability of reaching the moulting

site by combining the information collected from

multiple breeding colonies with that obtained at the

moulting site. Moreover, the capture-recapture data

provided an opportunity to estimate little tern post-

fledging and annual adult survival probabilities for the

first time.

Material and methods

Ringing programme and capture-recapture data

From 1990 to 1997 little terns were individually marked

with metal rings supplied by the Italian bird ringing

centre. Data were merged from two different sources.

The first part of the information came from birds ringed

as chicks at the main Adriatic breeding colonies (Fig. 1

and Table 1), where several ringers started independent

activities in different years. The second set of data is

made up of juveniles and adults captured after the

breeding season at a roosting site in the Venice Lagoon

(Fig. 1). Birds were caught with mist-nets during

the night, two to four months after breeding ended.

The majority of these individuals were in active moult

and the roosting site was visited from late June to mid

September, when the last terns migrated to wintering

quarters (Cherubini et al. 1996). For the sake of

simplicity we will refer to this site as the ‘moulting

site’. Here we captured three categories of individuals:

i) juveniles marked as chicks earlier in the season at their

natal colony, ii) adults marked in previous years, either

as chicks at the natal colony, or as juveniles/adults at the

moulting site, and iii) unmarked birds (adults and

juveniles).

Fig. 1. Individuals were marked as fledglings early in the year at
different breeding locations (solid circles, B-H) and at a
nocturnal roosting site used during the post-breeding moult
(star, A).
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Survival probability was estimated by maximum like-

lihood from individual encounter histories (Table 2,

Lebreton et al. 1993). This parameter, noted F, should

be seen as the product between the local survival

probability and a movement probability. F has a slightly

different meaning according to the age of the bird. In

birds captured at the moulting site, the parameter F is

‘the probability of surviving and using the moulting site

at least once again in their life’, while for birds ringed

earlier as chicks this corresponds to ‘the probability of

surviving and reaching this moulting site’. The para-

meter F is generally referred to as local survival because

permanent emigration, i.e. birds never recaptured after

marking, would be confounded with mortality, i.e. the

complement of F to 1. We will refer to F as ‘‘survival/

movement’’ to remind the reader of its two components.

Evidence about site fidelity, the probability of not

visiting the moulting site, can potentially be derived by

the estimate of the probability of recapture, noted ‘‘p’’.

Individuals using the moulting site on a regular basis

would have a higher probability of recapture (Viallefont

et al. 1995). No recaptures were made during breeding,

and as a consequence, recapture probability at the

colonies were fixed to 0.00 (Table 2 and Fig. 2). Note

that for each year we considered two occasions but the

capture probability could be estimated only in one. As a

consequence, the parameter we modelled, F, is the

square root of the annual survival.

Modelling survival/site-fidelity and recapture

probability

Model selection started from the model (F ?l Fl; p ?t pt)

assuming that the survival/movement parameter

depended on age and breeding location, noted ‘‘l’’. In

model notation, F? refers to juveniles and F to adults.

We also used the distance on logarithmic scale, noted

‘‘d’’, between the birth colony and the moulting site as a

predictor of F?. The recapture probability was assumed

to vary according to age (p? refers to juveniles and p to

adults) and year, noted ‘‘t’’, but no interaction was

considered between these two effects given the sparse-

ness of data. The goodness of fit of this model was

estimated using the bootstrap procedure on 300 simu-

lated data sets (White and Burham 1999). A significant

test would indicate a large extra-multinomial variance.

In this case the model deviance should be corrected

using a variance inflator factor, ĉ (Lebreton et al. 1992).

The model selection procedure followed the modified

Akaike Information Criterion (QAICc; Burnham and

Anderson 1998). The model with the lowest QAICc can

be considered as the best compromise between the model

deviance and the number of parameters in the model. In

the presence of extra-multinomial variation, the QAICc

value is calculated by dividing model deviance by ĉ,T
ab
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where ĉ is the variance inflator factor (Anderson and

Burnham 1999). The significance of specific effects can

also be investigated using a x2-test between two models,

provided they are nested (Lebreton et al.1992). Note that

when extra-multinomial variation is present an

F-test could be used instead, however, when ĉ is

estimated by bootstrap, the F-test is asymptotically

equivalent to a x2 when effective sample size is large

(G. White pers. comm.). Models were built and fitted to

the data using software MARK1.9 (White and Burnham

1999). Models with similar QAICc values, i.e. within 4�/7

points, should be considered (Burnham and Anderson

1998). To incorporate model uncertainty for parameter

estimation, estimates were obtained by averaging those

of all models weighed for the relative importance of their

QAICc values (Burnham and Anderson 1998 for more

details). Finally, the likelihood optimisation function

might not converge properly on sparse datasets (due to

the presence of local minima), giving a biased estimate of

the parameters. To avoid this problem all models were

run more than once using different starting values for

the function.

Results

We analysed a total of 12,185 encounter histories of

which 72% referred to birds that had been ringed as

chicks. Despite this large initial number of individuals,

little information was available to estimate recapture and

local survival probabilities as only 3.7% of the marked

birds were recaptured. The goodness of fit of the initial

model (F ?l Fl; p ?t pt) indicated the presence of extra-

multinomial variation and a variance inflation factor

was used to correct model deviance (ĉ�/1.37). As

expected, estimates of recapture probability were

generally low and varied significantly according to

both year and age (x2
7�/17.18, P�/0.016 and x2

1�/

38.80, P�/0.001, respectively; Fig. 3). Juveniles were

more likely to be recaptured than adults. The survival/

movement parameter varied according to the location of

the colony of birth in juveniles (F ?l Fl p ?t pt vs F ?. Fl p ?t pt:

x2
6�/29.17, P�/0.001), but not in older individuals (F ?lFl

p ?t pt vs F?.Fl p ?t pt: x2
7�/5.08, P�/0.651). Similarly, adult

survival was not affected by whether the bird had been

ringed as a chick in previous years, or as adult/juvenile at

the moulting site (F ?lF. p ?t pt vs F ?l F l
3 p ?t pt : x2

1�/2.37,

P�/0.124). The model F ?l F; p ?t pt must be viewed as the

best compromise between parameters and model de-

viance as suggested by its low QAICc value (Table 3). A

further reduction in QAICc value was obtained when the

influence of the location of birth was modelled as a

function of the distance expressed on a logarithm scale

(model F ?d F; p ?t pt; Table 3). Having corrected for colony

distance, little variation was left to be explained by

colony characteristics other than its distance from the

moulting site. Indeed colony distance explained 90.5% of

the between-colony variation. This can be calculated by

the ratio of the deviance explained by model F ?d F.; p ?t pt

and the total between colony variation (difference in

deviances between model F ?l F.; p ?t pt and F ?. F.; p ?t pt�/

33.754/37.296�/0.905). This suggests that in the first 2�/4

months of life, the average survival/movement of birds

hatched at different locations mainly differed by a

multiplicative factor that was a function of the distance.

Hence, we fitted the same model using a logarithm link

function (model F ?d F.; p ?t pt
1; Table 3) so that the relation

between F? and the multiplicative factor would be linear

(Viallefont 1995). Although this model had a similar

QAICc value, it was preferred to the previous one given

the multiplicative relation of its two components (the

survival probability and the probability, conditional on

survival, of reaching the site). The suggested relationship

was:

F?�e2:237�0:837� (d)

where d is the logarithm of the distance from the

moulting site expressed in km (Fig. 4).

We should note that the model F ?d Fd; p ?t pt has the

lowest value of QAICc (Table 3). This model assumes an

effect of colony distance even for adults. Despite the

lowest QAICc value, this model has not been considered

further. Adding an extra parameter to a model, in this

case F ?d F.; p ?t pt
1, would always result in a decrease in

deviance. For a non-significant effect, i.e. x2
1B/3.84, the

resulting QAICc value would always be between �/2 and

�/1.84 of the previous model. Hence the effect of

distance on adults should be seen as not significant

Table 2. Types of capture-histories in the data set. The three
capture-histories in the example are related to individuals
released in year i and caught at every subsequent capture-
recapture occasion. C�/captured and released at the colony.
M�/captured and released at the moulting site (note that during
C-occasions no adults were marked and/or already marked
birds were captured).

Year i i�/1 i�/2

Occasion C M C M C M

Adult 0 1 0 1 0 1
Yearling 0 1 0 1 0 1
Yearling 1 1 0 1 0 1

Fig. 2. Schematic representation of the parameters F and p
over time. C�/marked at the colony (only fledglings). M�/

captured and released at the moulting site. Recapture prob-
ability at the colony, noted p*, is 0.
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even if the model had the lowest QAICc. Such

uncertainty is however taken into consideration in

parameter estimates by the averaging technique. Model

F ?d F.; p ?t pt
1 was thus retained as the best compromise

between the model deviance and the number of

parameters in the model (Table 3). A significant

inverse relationship with distance still held, even when

the most distant colony, colony H (Fig. 4), was not

considered (results not shown). A second model

assuming a quadratic relationship of the type

F?�/ea�b�(d)�c�(d2) had a similar fit to the one of the

retained model (Table 3) but included an additional

parameter. A model assuming a linear relationship with

distance of the type F?�/a�/b �/(d) was not retained.

Finally, when the effects of age and year were re-tested

on the probability of recapture maintaining the retained

structure on survival (model F ?d F.; p ?. p. and model F ?d
F.; pt), they still proved to be significant (results

not shown). Model selection ended with a few models

within a small range of QAICc values. The average

estimate of adult survival throughout all models was

0.948 (95% confidence interval between 0.874 and

0.980), which corresponds to a yearly survival of 0.899

(0.963�/0.836; confidence intervals calculated using the

d-methods, Morgan 2000). This constant value gives an

average life-time expectancy of about 9.39 years from

maturity. The value 0.601 (95% confidence interval

between 0.287 and 0.850) estimated for the closest

location (B, Fig. 4) is probably near to the real juvenile

survival of little tern between fledging (peak: late June)

and the pre-migratory stay at the moulting site (peak:

late August). An idea of the first-year survival can be

obtained by the product 0.601 �/ 0.948 (0.578; 0.737�/

0.418).

Discussion

Model hypotheses

The main interest of this analysis was to model the

influence of age, colony of birth and distance from

colony on the survival/movement parameter estimated
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Fig. 3. Recapture probability of adult and juvenile little terns
from model (F ?l Fl; p ?t pt). The model assumes an additive effect
of age. Bars indicate 95% confidence intervals. Note that the Y-
axis is cut at 0.14.

Table 3. Modelling effects influencing the survival/movement and recapture probabilities of little terns at the moulting site. Model
notation (see also text): F?�/survival/movement parameter for juveniles; F�/survival/movement parameter for adults; p?�/

probability of recapture for a juvenile; p�/probability of recapture for an adult; l�/location of birth, d�/logarithm of the distance
between location of birth and moulting site; t�/year effect. Note that no interaction term between age and year effect on the
probability of recapture was included. DQAICc�/difference between the model QAICc and the one with the lowest value. np�/

number of estimable parameters in the model. QAICc weight�/the relative importance of each model. The sum of all QAICc
weights is 1.

Model QAICc DQAICc QAICc weight np QDeviance

F ?d Fd; p ?t pt 3831.18 0 0.34 13 219.60

F ?d F.; p ?t pt 3831.50 0.32 0.29 12 221.93

F ?d F.; p ?t pt
1 3832.03 0.85 0.22 12 222.45

F ?d�d
2 F.; p ?t pt 3833.50 2.31 0.11 13 221.92

F ?d F.; p ?t p2t 3837.31 6.12 0.02 12 227.73

F ?l Fl
3; p ?t pt 3837.63 6.45 0.01 18 216.03

F ?l F.; p ?t pt 3838.00 6.81 0.01 17 218.40

F ?l Fl; p ?t pt 3839.80 8.62 0.00 18 218.20

F ?l Fl; p ?t pt 3846.97 15.78 0.00 24 213.32

F ?l Fl; p ?. p. 3850.10 18.92 0.00 17 230.50

F ?. F.; p ?t pt 3863.25 32.07 0.00 11 255.68

F ?. Fl; p ?t pt 3864.09 32.91 0.00 18 242.48

F ?l Fl; pt 3883.76 52.57 0.00 23 252.11

1Model with log-link function.
2Model with identity-link function.
3Two adult survival/movement parameters, one for the birds marked at the moulting site and the other for the birds marked on the
breeding colonies.
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at the moulting site. Most individuals were recaptured

only once. This scarce information has inevitably

restricted the number of effects that could be con-

trolled for to those based on a priori hypotheses

(Anderson and Burnham 1999). The choice of these

hypotheses, and not of others, deserves a short

discussion. First, we considered two age classes only

(but see below). All birds older than about 5 months

were considered homogeneous with regard to survival

and recapture parameters. This is unlikely, but full age-

dependent models would have clearly contained too

many parameters. In long-lived vertebrates, survival

generally increases steadily in the first age classes

and subsequently levels off before it possibly starts to

decline in very old age. In a capture-recapture

framework, large sample sizes and/or high probability

of recapture are needed to describe such a pattern

(Tavecchia et al. 2000, see also examples in Nur and

Sydeman 1999, Fredericksen and Bregnballe 2000).

Second, although we considered a year effect in the

probability of recapture, the same has not been done

for the local survival/movement parameter. This seems

disputable because the number of terns caught at

the moulting site declined in the last years of the

study. This decline could be due to a decrease in

survival/movement probability, i.e. higher mortality/

permanent emigration, and/or to a decrease in capture

probability. The probability of recapture did apparently

decrease in the last three years of the study, but we

were not able to test such a variation for the survival/

movement pattern properly. Information on adults was

too sparse to account for such a trend. The overall

sample size was large for juveniles, but the irregular

use of the breeding sites would have allowed only few

year-by-colony comparisons and no chance to correct

for both simultaneously. Thus, we rather opted to

fully investigate the influence of the location of

birth. Finally, although we considered the statistical

interaction between age and colony in the local

survival/movement parameter, the relation between

age and time in the probability of recapture was

assumed to be additive. This is not a strong assump-

tion as the estimate of survival parameters should be

robust as regards the structure in the probability of

recapture.

Pre-migratory movements and demography of little

terns

We estimated a parameter that included the survival

probability and the probability, conditional on survival,

of reaching or re-visiting the moulting site. The average

yearly local survival/movement parameter for adults was

0.899, a value very similar to the survival estimate found

for other species of terns (Spendelow et al. 1995, del

Hoyo et al. 1996). This suggests that adults are very

likely to come back to the same moulting site. However,

they had a lower probability of recapture compared to

juveniles. This might be due to different reasons, one

being simply that adults roost at sea, or have a greater

skill in avoiding the nets by adults. Another is that this

value, averaged over age, is affected by age-specific use of

the moulting site. Gaps in site attendance would have the

effect of a temporary emigration and negatively affect

the probability of recapture. In lesser snow geese Anser

caerulescens caerulescens, individuals skipping reproduc-

tion have a lower probability of recapture at the breeding

site (Viallefont et al. 1995). Similarly Pugesek and Diem

(1990) concluded that the lower recapture probability of

young Californian gulls Larus californicus was due to an

increased access to reproduction with age. For a similar

reason, females had a higher probability of skipping

reproduction (Pugesek et al. 1995). In our case, the

pattern shown by adult little terns most probably

reflected an age-dependent use of the site, with birds in

their second summer-assigned to the ‘adult’ category-

scarcely visiting the moulting site. Indeed, little terns

reach sexual maturity when 2�/3 years old and a large

fraction of one-year birds remain on the wintering

grounds (Cramp 1985). This is strongly suggested by a

previous analysis, conditional on recapture at the same

roosting site, in which only 5.6�/5.9% of the birds caught

was made up by one-year terns (Cherubini et al. 1996),

despite that we found that young individuals have higher

probability of recapture. We did not have enough data to

include a third age class, i.e. one-year old, from the start,

but we included it in an ad hoc model built from the

retained one in order to test the above hypotheses.

Results were not conclusive in this respect (not shown).

The probability of recapture of one-year old terns was

virtually zero (ranging from 0.0042 to 0.0079), but the

one of adults was still significantly lower then the one of

juveniles.
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In birds marked as fledglings and recaptured a few

months later, the survival/movement parameter was

estimated as the product between the survival probabil-

ity in the first 2�/4 months of life and the probability of

using the moulting site. This parameter changed sig-

nificantly according to birth location, being negatively

related to the distance from the moulting site. The most

likely explanation is that distance affected the movement

probability rather than the survival probability.

Although we cannot separate the role of the two factors,

there is no reason to consider that survival decreases

strongly with the distance from the moulting site. For a

long-distance migrant, a post-breeding dispersal of few

hundred km, in the absence of ecological and physical

barriers and in a climatically mild season, does not seem

to represent an important source of mortality. Thus, if

the variation in local survival was mainly due to the

probability of reaching the site, the average survival from

fledging to migration should approximately correspond,

for all colonies, to the value estimated at the closest

breeding location (0.601). This seems to be supported by

the fact that the model, assuming a negative correlation

with the colony-moulting site distance, explained more

than 90% of the difference on local survival between

locations and very little was left that could be explained

by a breeding location effect alone. In contrast, the

survival/movement parameter of adults was not influ-

enced by the natal colony location, even when the colony

effect was replaced by the colony-to-moulting site

distance. This suggests that individuals that have visited

the moulting site at least once tend to visit it again with a

similarly high probability regardless of the location of

birth. Given that juveniles are still accompanied by

adults when they arrive at the moulting site, low

probabilities for juveniles that reach it from the farthest

colonies are probably paired to equally low numbers of

adults which breed there and faithfully re-visit the

moulting site. This scenario could hold true in all three

possible settling behaviours of breeding adults, i.e.

phylopatry, breeding site fidelity, or frequent redistribu-

tion of breeders within a large area. Fixation upon the

moulting site would probably be achieved by the first

time they visit it (when juvenile), consistent with the

general mechanism of site fixation (Ketterson and Nolan

1990). The existence of one or more similar moulting

sites probably in the southern Adriatic Sea has to be

postulated in order to account for the large fraction of

southern birds that did not turn up at the Venice

moulting site.

Conservation issues

The Mediterranean is generally considered an oligo-

trophic sea (Margalef 1985). Such a low level of

resources has been ascribed to relative deep waters and

weak currents. Nevertheless, highly productive spots are

found in connection with the run-off of big rivers and

areas of wind mixing (Lloret et al. 2003). The northern

Adriatic Sea is a particularly productive area, due to the

large fresh-water input by the Po and other rivers,

combined with the mixing effect caused by strong winds

and tidal movements. Tides, in particular, reach remark-

able amplitudes for the Mediterranean standards here.

In addition, large coastal lagoons with shallow waters

seasonally attract large amounts of juvenile stages of

catadromous fish as well as small-sized marine species

(Ardizzone et al. 1988). These general features probably

create large trophic resources for little terns and,

together with other ecological and physical conditions,

make the Lagoon of Venice an important destination of

moult migration. The existence of large post-breeding

gatherings in other parts of the species range (e.g. on the

Dutch coast and in the Nile Delta; Meininger et al. 1987,

Goodman and Meininger 1989, Keijl and Koopman

1991) suggests that moult migration is a widespread

behaviour among little tern populations. A ‘catchment’

range of 500 km was shown for the Venice moulting site,

but other similar sites attract the majority of birds

originating from the southern area of the Adriatic Sea.

The 500 km range cannot be postulated for other

moulting sites as this probably varies at a great extent

according to the local availability and distribution of

alternative sites. Patches of rich waters coupled with

coastal lagoons have been found along the south-eastern

coasts of the Adriatic Sea. Combining our estimates,

nearly 41% of the fledglings are expected to moult

elsewhere (results not shown). Given the number of

fledglings marked from 1990 to 1997 this value corre-

sponds to a minimum of 2,200 birds over the 8 year

period. Whether any of these sites are used as moulting

areas by little terns, and especially by individuals coming

from the Italian colonies, is unknown. However, post-

breeding gatherings have been reported along the coast

of Albania (T. Bino pers. comm.) and northern Greece

(A. Bonetti pers. comm.). Knowledge and protection of

the moulting sites all over the species range-in view of

their role of as ‘population funnels’-would allow the

development of a full conservation strategy for the

breeding populations.
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