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Populations near their equilibrium are expected to show density-dependence through a negative feedback on at
least one demographic parameter, e.g. survival and/or productivity. Nevertheless, it is not always clear which
vital rate is affected the most, and even less whether this dependence holds in open populations in which
immigration and emigration are also important. We assessed the relative importance of population density in the
variation of local survival, recruitment, proportion of transients (emigrants) and productivity through the
analysis of detailed life-histories of 4286 seabirds from a colony that reached an apparent demographic
equilibrium after a period of exponential increase. We provide evidence that the role of population density and
resource availability changes according to the demographic parameter considered. Estimates indicated that
transients increased from 5% to 20% over the study period, suggesting an average turnover of about 1400
individuals per year. The parameters most influenced by population density alone were local survival and
probability of transience. Recruitment was negatively associated with population density during the increasing
phase but unexpected high values were also recorded at high population levels. These high values were explained
by a combination of population size and food availability. Mean productivity varied with food availability,
independently from population variations. The population density alone explained up to a third of the yearly
variation of the vital rates considered, suggesting that open populations are equally influenced by stochastic and
density-independent events (such as environmental perturbations) than by intrinsic (i.e. density-dependent)
factors.

An important issue in the study of population dynamics
is the role and the mechanisms through which popula-
tion size bounds population growth rate (Cappuccino
and Price 1995, Berryman et al. 2002, reviewed by
Murdoch 1994, Turchin 1995, Newton 1998, Sibly
and Hone 2002). As populations approach their
maximum size, comparative studies have shown evi-
dence of a negative feedback of the population size
in early survival, recruitment, reproductive rate, and
adult survival (Sinclair 1996, Gaillard et al. 1998,
Eberhardt 2002), sometimes in such specific sequence
(Eberhardt 1977, Fowler 1987). This evidence, how-
ever, concerns mainly populations of mammals and
more importantly, they focused on relatively closed
populations without any reference to spatial parameters.
Indeed, the majority of theoretical and empirical studies
on the determinants of population growth rate in

wildlife populations with overlapping generations have
no explicit spatial factors, i.e. do not consider emigra-
tion and immigration, and the mathematical link
between successive values of population size made by
the Euler-Lotka equation only consider local vital rates
(Pfister 1998). In marine systems, for example, Hixon
et al. (2002), have recently outlined the importance of
the spatial scale at which regulation processes are
studied and how local population models tend to
neglect the role of immigration and emigration on
local dynamics (Cam et al. 2004). It is still unclear thus
how parameters such as dispersal or immigration are
affected by population density in open systems where
movements of individuals are demographically signifi-
cant (Pulliam 1988, Clobert et al. 2001, Hanski and
Gaggiotti 2004). Eberhardt’s paradigm of an initial
increase in early mortality and age of first breeding in
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populations approaching their carrying capacity might
not hold for open populations. For example, if new
recruits come mainly from other populations, i.e.
immigrants, a change in early local survival will not
necessarily translate into population variation. Also, a
recent review has provided evidence of a positive
density-dependent dispersal in both, birds and mam-
mals (Matthysen 2005). Despite the need for more
empirical studies (Turchin 1995, Hixon et al. 2002,
Weimerskirch 2002), the relative roles of density-
dependent factors on individual processes have seldom
been quantified in open populations. This is due to the
difficulty of collecting detailed data on enough indivi-
duals to achieve acceptable precision in population
parameters and for a period long enough to ‘witness’ a
change in the growing regime. It also explains why
determinants of population growth rate have classically
been derived by the analyses of observed population
size, even though is always more valuable to analyze this
relationship through the effects of population density
on demographic parameters (Lebreton and Clobert
1991, Coulson et al. 2001). Here we investigate how
demographic parameters, included those typical of open
systems, influence the dynamic of a colony of Au-
douin’s gull Larus audouinii from a phase of population
increase to an apparent stabilization in numbers using
detailed long-term information on marked birds.
Throughout the manuscript we use the term ‘equili-
brium’ to refer to this apparent constant value to which
the population seems to come back if disturbed
(Turchin 2001) and the term ‘demographic’ to specify
that this relates to population size and not to popula-
tion age-structure or genetic composition. We are
interested in measuring the role of population size in
explaining the variability of the parameters. There is a
general consensus that the high growth rate observed
during the increasing phase is seldom self-sustained
(Newton 1998) and it could not be achieved without
immigration (Harris and Wanless 1991, Oro and
Ruxton 2001). Previous work showed that the growth
rate of Audouin’s gull colonies is strongly influenced by
dispersal of individuals with a higher level of exchange
between neighboring colonies (Oro 1999, Oro et al.
1999, 2004b, Cam et al. 2004). At the local level, the
dynamic of the studied colony showed two distinctive
phases: (1) a phase of exponential growth, with an
average annual rate of 43%, (2) a phase (approx. after
1995) of apparent dynamic equilibrium, during which
the population fluctuated around an average value of
about 10 000 breeding pairs.

Hypotheses and covariates

We aim to 1) verify whether population growth rate
was influenced by population density, and 2) quantify

the role of density-dependent and density-independent
(i.e. environmental) factors in explaining the temporal
variation of demographic parameters, including those
typical of open systems. We estimated four parameters
underlying colony dynamics: the adult survival prob-
ability, the recruitment probability (i.e. the probability
of being a new breeder), the probability of transience
(i.e. the probability of leaving the colony after the first
breeding attempt), and the colony productivity (i.e. the
average number of fledglings per breeding pair).
Assuming that the observed change in the growing
regime was due to a change in one or more of these
parameters (Hixon and Carr 1997), we consider four
external covariates and one factor as predictors of these
changes (below). First we consider the total number of
Audouin’s gulls breeding in the colony. If the popula-
tion negative feedback is the main cause of the change
in growth regime, we expect it to explain a significant
part of the variation in at least one of these parameters.
The second covariate investigated is a measure of
annual food availability: since the main resource
exploited by gulls in the Ebro Delta colony is fishing
discards (75% by biomass) we take the catch statistics
at the local fishing harbours as a proxy of this measure
(Oro 1999). Moreover, if the mechanistic explanation
is a reduction in the per-capita intake of resources then
the ratio of the fish catches (below) to the total number
of individuals sharing the same resource (i.e. a measure
of intra-guild competition) would be a better predictor.
As third covariate we consider the ratio of fish cat-
ches to the total number of breeding pairs of
Audouin’s gulls and of the sympatric yellow-legged
gulls, L. michahellis (Oro et al. 2006). The two species
compete for similar resources as shown by the high
degree of overlap in the diet and breeding habitat
(Martı́nez-Abraı́n et al. 2003, Oro et al. 2006). The
fourth covariate consider was the North Atlantic
oscillation index (NAO hereafter, Hurrell 1995) taken
as a measure of winter conditions. The NAO is a
global measure of winter conditions at Northern
latitudes correlated with many biological processes
through its influence on local climate (Stenseth and
Lima 2002). Although its effects on biological systems
in the Mediterranean region have rarely been investi-
gated, the NAO is highly correlated with local climate
in south-western Spain and with the run-off of the
major rivers, included the Ebro river (Rodo et al. 1997,
Lloret et al. 2001). Finally, we consider the effect of a
terrestrial predator, a fox (Vulpes vulpes ), that entered
the colony in 1999 causing a strong environmental
perturbation through high mortality among breeders.
These five external variables shall be used as predictors
of demographic parameters and their importance
calculated as the proportion of temporal variability
explained.
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Methods

Estimating population size

The annual censuses of nests with at least one egg were
used as estimates of population density; the method
performed was the same over the years and it yielded
small count errors (Oro and Ruxton 2001). Several
plots were explored to qualitatively test the density
paradigm: a) the change in breeding pair numbers (N)
since the colonization of the study colony in 1981; b) a
Ricker diagram showing changes in Nt�1 with respect
to values of Nt; and c) the relationship between
population growth rate (r, expressed as the loge of the
equation Nt�1/Nt, also known as finite rate of increase
or l) and population density.

The capture�recapture framework

From 1988 to 2003 gulls were individually marked at
fledging using a darvic band with a unique alphanu-
meric code. Gulls were resighted at the colony during
1992�2003, and their breeding status was recorded
when possible. Estimates of survival (noted f hereafter)
and recruitment, noted b (i.e. the complement of the
seniority probability, g, Pradel et al. 1997b) were
obtained through the analysis of observations of marked
animals of known age retaining only those made on
sexually mature gulls (]3 years old, 4286 individuals
in total, Williams et al. 2002). Recruitment measures
can be obtained from capture�recapture data using
different approaches (Pradel and Lebreton 1999,
Schwarz and Arnason 2000). These measures are not
equivalent and as consequence not directly comparable.
The measure b considered here is cohort-based and
should be viewed as the probability that a bird of a
particular cohort, i.e. age, seen for the first time at a
given occasion has just recruited. We chose this measure
to be able to compare results with a previous study of
the same population (Oro and Pradel 1999). In
addition to f and b, we estimated the proportion
of transient, t. Pradel et al. (1997b) showed that
the initial survival probability, noted f? hereafter,
incorporates the proportion of transients at time i, ti ,
as f ?i �(1� ti)fi (Oro et al. 1999, Perret et al. 2003).
The program MARK4.1 (White and Burnham 1999)
was used to derive survival, recruitment and recapture
probabilities.

Testing the adequacy of capture�recapture
hypotheses

Assumptions of capture�recapture modelling can be
tested by a x2 test goodness-of-fit test (Pollock et al.
1990). Different components of the global x2 test,

namely test3.SR, test3.CT, test2.SM and test2.CT can
help to identify the source of heterogeneity (Choquet
et al. 2000). When the source of heterogeneity can not
be identified or it would be unrealistic to further
complicate model structure, a variance inflator factor, ĉ,
is used to scale model deviances (Lebreton et al. 1992,
Tavecchia et al. 2001). The value of ĉ is calculated as
the ratio of the global goodness-of-fit x2 value to its
degrees of freedom. In our case, the survival and
recruitment analyses were based on the same data.
Hence the goodness-of-fit and the corresponding ĉ were
unique. The goodness-of-fit test was calculated using
program U_CARE2.2 (Choquet et al. 2000), which
includes directional tests (Z-tests) on contingency tables
that are specifically designed to detect systematic
departures from model assumptions, e.g. whether
significantly large x2 values were due to the presence
of transients.

Testing the influence of time, age and covariates

Our capture�recapture models involved five types of
parameters: the survival probability of newly seen birds
(f?), the survival probability of resident birds (f), the
seniority probabilities (g and g?), and the detection
probability (p). The factors considered as predictors of
these parameters were time (12 levels, noted ‘t’ in
model notation) and age (12 levels from 3 � the age at
first breeding-to 14, noted a or Aj if used as a covariate
to j-age). In addition we considered five external
variables as predictors of the time dependent variation
(Introduction): the total number of breeding pairs of
Audouin’s gull at the Ebro delta colony (noted G), the
total amount of fish catch statistics (noted F), the per-
capita resource intake, i.e. the fish catches divided by
total number of breeding Audouin’s and yellow-legged
gulls considered together, (noted L), the North Atlantic
oscillation index, (noted, N) and the effect of a fox in
1999 (noted v). Note that this last factorial variable
considers two periods, one with the presence of a
predator (1998�2000, since mortality occurred simul-
taneously with observations) and one without (from
1992 to 1998 and from 2000 to 2003). In general
terms, we were interested in decomposing the time-
dependent variation around the average value of the
parameter,u, estimating how much of this variation was
explained by the covariate X. We proceeded as follows:
if D is the difference in deviance between the model
assuming full time dependence and the one assuming
constant u, namely devianceu(.)�devianceu(t), the
percentage of total variation explained by X is
(devianceu(.)�devianceu(X))/D. The procedure ANO-
DEV in MARK4.1 tests whether the explained variance
was statistically significant (Harris et al. 2005). We used
one-tailed tests when testing the effect of population
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density as a negative influence was expected. Finally,
in model notation ‘�’ denoted the interacting effects,
while if the main effects were considered alone a ‘�’
was used instead. To select the most appropriate model
we progressively eliminated effects on each parameter
separately and kept the structure of the others as general
as possible (Grosbois and Tavecchia 2003, Tavecchia
et al. 2005). Model selection followed the Akaike’s
information criterion (QAIC; Burnham and Anderson
2002).

Average productivity

The productivity of the colony was measured as the
average number of chicks fledged per breeding pair
(Oro et al. 1999). The two variables were derived
independently. The total number of chicks was esti-
mated by a two-session capture�recapture method
(Williams et al. 2002). The number of breeding pairs
was taken from the annual census of nests with at least
one egg. Values were analyzed using generalized linear
models (Crawley 1993). As for survival and recruitment
probabilities we estimated the amount of temporal
variation explained by each covariate, tested separately.
Given the relatively short time-series in productivity we
avoid models including multiple predictors.

Results

Population size

Censuses indicated that the Audouin’s gull population
at the Ebro delta increased exponentially since its
colonization in 1981 to 1997 and subsequently
fluctuated about a mean of 10 000 pairs (Fig. 1A-B).
A plot of the influence of population density on
population growth rate, r (Fig. 1C) showed a strong
association between the two variables (logarithmic
regression fit R2�0.733, F22�21.84, pB0.0001).
Despite an average recapture probability of about
0.70 (Oro et al. 1999), 33% of the 4286 individuals
analyzed were seen only once over the entire study
period. Among these ‘transient’ animals, the proportion
of known breeders was similar to the one found for
resident birds (4.4% and 3.8% respectively).

Testing the adequacy of capture�recapture
hypotheses

The goodness-of-fit test of the model including age, time
and their interactions (Model 1, hereafter) indicated that
a significantly large part of the deviance remained
unexplained (/x2

257�1037.24, pB0.001). As expected,
the specific components of the goodness of fit and

the directional Z-test pointed out a strong transient
effect (test3SR: /x2

64� 687.43, pB0.001; Z�22.44,
pB0.001). This lack of fit was corrected including extra
parameters for newly observed birds. Yet, there was

R2 = 0.733
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Fig. 1. (A) Changes in population density (N) of the study
colony since the colonization in 1981; the white symbols
indicate the period during which detailed individual informa-
tion on breeders was collected; (B) Ricker diagram of the
population values; the straight line shows the equilibrium
value when Nt�Nt�1; and (C) the r-function, i.e. the
changes in population growth rate r with density during
1981�2003 and the statistical value of the logarithmic
correlation coefficient; here the straight line shows the r value
when population was stable (r�0).
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evidence of a large residual deviance (/x2
193� 349.81,

pB0.001), in part due to the trap-dependence of a sub-
set of gulls that was systematically observed more than
others (Z��9.58; pB0.001). In order to avoid
complicating the analysis by increasing model para-
meters, we scaled model deviance (Discussion) using a
variance inflator factor (ĉ�349.81/193�1.813).

Survival, transience and recapture probabilities

Time had a significant effect on all parameters whilst
age negatively influenced f? but had no effect on f
(Table 1). A further reduction in QAICc value was
obtained by modeling age as a continuous function
(Model 3, hereafter). The negative slope of the age
predictor indicated that transience probability, in-
creased with the age of the bird (Fig. 2A). We
successfully reduced the QAICc value by assuming a
similar effect of time on f? and f, i.e. parallel
regression (Model 4). The proportion of transients, ti
(calculated as 1�(f ?i /fi)), was constant on a logit
scale, but in the transformed scale increased from 5.0%
to 19.5%. A model with a trend in survival (Model 6)
provided the lowest QAICc values so far (Table 1, Fig.
2B). When testing for a trend and the influence of the

external covariates, we excluded the last estimates (year
2002), as survival was exceptionally low (Fig. 2B) and
in the presence of trap-dependence, the last values can
be negatively biased. We empirically tested the possible
bias by building a series of datasets in which we
systematically removed the last-year observations (re-
sults not shown). The bias was concentrated on the last
parameter only; for example, by removing last-year
observations (year 2003) the survival parameter of the
year before changed by 2%, but only by 4� and 2�
in the previous two years. This evidence suggested that
with the exception of the last parameter the biases
induced by the recapture heterogeneity were negligible.
The amount of time-dependent variation around the
average value of f? and f was the difference in
deviance between Model 4 and 5 (DDev�101.42).
We measured how much of this variation was
explained by the four covariates when tested alone
(the fox event was not considered as it was treated as a
factor). We first checked the between-covariates asso-
ciation using the Pearson’s correlation coefficient, rc.
As expected, we found a strong association between F
and L (rc�0.90, pB0.001) as these variables were not
independent. Correlation between G and F and
between G and L, were not significant (rc�0.09,
p�0.05 and rc��0.278, p�0.05, respectively) even

Table 1. Modeling survival (f? and f, for transient and resident gulls respectively), and recapture (p) probabilities. QDev�model
deviance, np�number of model parameters, DQAICc �difference from the lowest QAICc value. Aj�age as continuous variable
up to age j (3BjB15). The symbol // indicates parallel regression (the effect is assumed to have the same influence on f and f?).
Retained model is in bold.

Model f’ f p QDEV np DQAICc

Age and time-dependent models
Model 1 a�t a�t a�t 2688.28 304 364.79

a�t a�t . 3158.05 154 522.72
a�t t a�t 2724.50 237 260.73
a�t a�t t 2778.64 163 161.79

Model 2 a�t t t 2895.02 41 29.94
Model 3 A15�t t t 2900.32 33 19.14

t t t 3014.55 32 131.36
Model 4 A15�t// t// t 2902.79 24 3.52
Model 5 A15 . t 3004.21 16 88.89
Model 6 A15�T// T// t 2913.76 17 0.44

Models including single covariates
Model 7 A15�G// G// t 2969.54 17 56.22

A15�F// F// t 3003.66 17 90.34
A15�L// L// t 3001.89 17 88.57
A15�N// N// t 3001.05 17 87.29
A15�v// v// t 2981.09 17 67.77

Models including multiple covariates
A15�T�v// T�v// t 2911.31 18 0
A15�T�F// T�F// t 2911.45 18 0.14
A15�T�L// T�L// t 2912.23 18 0.92
A15�T�G// T�G// t 2912.68 18 1.37
A15�G�v// G�v// t 2956.91 18 45.6
A15�G�F// G�F// t 2965.07 18 53.76
A15�F�v// F�v// t 2970.85 18 59.54
A15�F�G�F.G// F�G�F.G// t 2956.34 19 47.04
A15�N�G�N.G// N�G�N.G// t 2963.35 19 53.60
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if the latter were not independent. We did not,
however, expect to find a negative significant associa-
tion between NAO values and fish catches (rc��
0.71, pB0.01). This was due to the unusually high
fish catch in 1994 when NAO was at its lowest level:
after excluding 1994 the correlation was still negative
but not significant (rc��0.47, p�0.17). To avoid
problems of collinearity the variables NAO, F and L
were never included in the same model. All covariates
had a negative effect on local survival, but none of the
density-independent variables alone explained a sig-
nificant part of the variation around the average value
(Table 2). In contrast the population density of
Audouin’s gull when tested alone was significant
(p�0.05) and explained 34% of the yearly variation
in local survival. Note that although this covariate
explained a significant part of that variation, the model
was not retained (Table 1, Fig. 2B) because the
explained variance was small compared to the total
variance. Finally, the predation event increased mor-
tality between 1997 and 1998 of 6% (2% if the trend
was taken into account) but the effect of the predator-
perturbation seemed to last longer than the interval
considered. From 1992 to 1997 survival probability
was 0.933 (95% confidence interval: 0.929�0.938)
and it decreased to 0.878 (0.853�0.899) afterwards
(Fig. 2B). Models including multiple variables did not
substantially improve the QAICc value with the
exception of those containing the temporal trend.
Note that the population size explained only 1% of
the temporal variance around the trend however their
values before 1997 are strongly associated as popula-
tion increased constantly. Model 6 however was still
preferred due to its lower number of parameter.
Recapture probability did not vary as a function of
age and generally increased over the study period: its

average value was 0.680 (95% confidence limits:
0.667�0.692).

Recruitment probability

Model selection began from the general model g ?t*a gt*a

pt. This model was the equivalent of Model 1 with the
exception that detection probability now varied only
over time. Note that gs referred to transient animals (g?)
have not a clear biological interpretation (Oro et al.
1999) but should be included in the models as
suggested by the goodness-of-fit test to obtained
unbiased estimate of the parameters of interest. For
this reason their values will not be considered further.
The lower QAICc value of Model 12 suggested that
individuals recruited between ages 3 and 6 (Table 2,
Fig. 3A). In contrast with the analysis of survival, a
linear effect of age on g? was not retained. Because g for
age 3 was 0 (i.e. all gulls breeding at 3 years old were
new breeders), the temporal variability in the recruit-
ment probability (Fig. 3B) was confined to three ages
only (ages 4, 5 and 6). When tested alone, none of
the external variables considered improved the QAICc.
In particular, the total number of breeding Audouin’s
gulls, G, explained 32% of the temporal variation
(p�0.03) but the model was not retained (Table 2).
However when the two years when high probability of
recruitment occurred at high population density were
singled out (years 1998 and 2001; Fig. 3B) this value
increased to 70% (p�0.001). A model including
population size (G), the food availability, (F) and their
interaction explained most of the temporal variability
(77%) in recruitment probability (Model 18; Table 3).
This was also true when the per-capita intake of
resource was considered (L: Model 19; Table 3).
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tests. Significant percentages are marked in bold. When tested alone, the direction of the effect is in brackets. Note that variables L and F were not independent and were never
used simultaneously.

DDev CV G L F N T G�F G�T G�N�G.N G�F�G.F

Surviva
˙
l (f) 101.01 0.13 34% (�)

p�0.05$
2%
p�0.35$

1% (�)
p�0.78

3% (�)
p�0.65

89% (�)
p�0.00$

38%
p�0.23

90%
p�0.00

40%
p�0.42

47%
p�0.32

Recruitment (g) 59.70 0.84 32% (�)
p�0.04$%

11%
p�0.19$

22% (�)
p�0.14

0.1% (�)
p�0.99

7% (�)
p�0.22$

65%
p�0.01

42%
p�0.25

34%
p�0.37

77%
p�0.01

Productivity 4.22 0.48 5% (�)
p�0.26$

46% (�)
p�0.02$

57% (�)
p�0.001$

11% (�)
p�0.31

17%
p�0.101$

� � � �

%The value increased to 70% (p�0.001) when years 1998 and 2001 were excluded (Fig. 3B).
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than the one explained by the per-capita food resources,
despite the two variables were not independent. In
contrast with what found for survival and recruitment
the number of Audouin’s gulls breeding in the area
explained only 4.6% (Table 3).

Discussion

As expected, we found that population growth rate
decreased with population density. Although this
relationship has been commonly observed for a number
of populations, the form of the dependence of popula-
tion growth rate on population density has seldom been
analysed (Turchin 1999). In our case such association
was non-linear, more in accordance with other long-
lived birds (Sæther and Engen 2002). Furthermore the
scatter of population values around the regression line
(Fig. 1C) indicated that relative high levels of stochas-
ticity also affected population growth rate (Sibly and
Hone 2002).

We found that all demographic parameters except
productivity were negatively associated with population
density, but the strength of the relationship depended

on the parameter considered, and when tested alone the
population density explained about a third of the yearly
variation of density. Contrary to expectations, we did
not find evidence of an increase in the age of first
breeding at high population densities or an association
between density and productivity. We conclude that the
observed dynamics resulted from the interplay of
density-dependent and stochastic events, but a high
turnover of individuals related to dispersal processes
among local populations and the combined role of food
availability in recruitment processes weaken density-
dependent effects (Oro et al. 2006).

Recruitment probability and age of first breeding

About a third (32%) of the year-to-year variability in
recruitment probability was explained by Audouin’s
gull density. This relationship was mainly evident at the
beginning of the study when recruitment probability
decreased gradually during the period of exponential
growth of the population (1992�1997; Fig. 3B).
However, the average age of first breeding did not
substantially change over the study period, although a
negative feedback of population size was expected in

Table 3. Modelling seniority (i.e. recruitment) probability (g’ and g). The structure in the recapture probability has been kept as in
Model 8 (Table 1). QDev�model corrected deviance, np�number of model parameters, DQAICc �difference from the lowest
QAICc value. Note that in models 15, 17 and ultrastructural models effects are assumed to have the same influence on g and g’
(parallel regression, noted //). Retained model is in bold.

Model g’ g QDEV np QAICc

Age and time-dependent models
Model 8 a�t a�t 2819.14 153 137.11
Model 9 a�t a�t 2873.53 89 61.16
Model 10 a�t a�t 2901.40 55 20.29

a�t a10�t 2907.40 51 18.23
a�t a9�t 2909.65 49 16.45

Model 11 a�t a7�t 2910.32 47 13.09
Model 12 a�t a6�t 2911.99 46 12.74
Model 13 a�t a6 2934.25 36 14.88
Model 14 a�t a5�t 2955.98 45 54.72
Model 15 a�t a4�t 2961.72 44 58.45
Model 16 a�t// a6�t// 2919.94 36 0.57

a// a6// 2979.64 26 40.17

Models including single covariates
Model 17 a�T// a6�T// 2975.71 27 38.25

a�G// a6�G// 2960.34 27 22.88
a�F// a6�F// 2966.45 27 28.99
a�L// a6�L// 2972.97 27 35.51
a�N// a6�N// 2979.63 27 42.17
a�v// a6�v// 2979.52 27 42.06

Models including multiple covariates
a�T�v// T�v// 2975.71 28 40.26
a�G�T// G�T // 2954.70 28 19.25
a�G�F// G�F // 2940.48 28 5.03
a�F�v// F�v // 2962.51 28 27.06
a�T�L// T�L// 2971.16 28 35.71
a� G�N�G.N // G�N�G.N// 2936.98 29 3.50

Model 18 a� G�L�G.L // G�L�G.L// 2934.16 29 0.71
Model 19 a�G�F�G.F// G�F�G.F// 2933.44 29 0.00
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long-lived species (Harris and Wanless 1991, Newton
1998, Eberhardt 2002). Pradel et al. (1997a) showed
that recruitment of greater flamingos, Phoenicopterus
ruber, increased after a massive adult mortality, and this
suggests a density-dependent recruitment by interfer-
ence competition (Tavecchia et al. 2001, Kokko et al.
2004). In our case, breeding habitat was not saturated
and two recruitment pulses occurred in years of high
population densities, in agreement with a stochastic
temporal pattern in dispersal within the metapopula-
tion (Oro and Ruxton 2001, Cam et al. 2004).
However, recruitment seemed not dominated by
stochastic process. When these two years were excluded
from the regression, population size explained 70% of
the remaining yearly variation in recruitment. More-
over, these recruitment pulses were partially explained
by a linear combination of population size and food
availability. Indeed, a model including Audouin’s gull
population, total fish catches at the local harbour and
their interaction successfully reproduced most of the
temporal variability in recruitment found here. Inter-
estingly the absolute fish catches was a better predictor
of recruitment than the average per-capita intake,
although these variables were correlated.

Survival and transience probabilities

Among the covariables considered, we found that the
total number of Audouin’s was the best predictor of the
temporal variability in survival of resident birds
explaining nearly a third (34%) of the total variance.
Although the model was not retained, the proportion of
variance explained by the population density is more
than the average effect found in ecological studies
(Møller and Jennions 2002). Similar negative correla-
tions between population density and local adult
survival were also recorded in other bird species
(Frederiksen and Bregnballe 2000, Altwegg et al.
2003). In our case, in contrast with what found on
recruitment, local survival decreased linearly over time
even once population reached its equilibrium and the
population size explained only 1% of the temporal
variability around the trend. This suggested an im-
portant role of stochastic and catastrophic increases in
mortality (e.g. the fox event) and emigration of
established breeders, and in turn on dynamics at both
local and metapopulation levels (Lande et al. 1999,
Reed et al. 2003). Moreover, despite reaching an
apparent equilibrium, an increasing proportion of gulls
bred only once at the study colony, showing again the
importance of spatial parameters in the regulation of
open populations. Even after correcting for detection
probability, an average of 7% of the population was
estimated to be transitory. This suggests an increase in
permanent emigration (and not in mortality, supported

by the resights of these birds breeding in other
populations, unpubl. data), for the newly seen gulls:
we estimated that about 1400 individuals per breeding
season breed only once at the colony. The presence of
large number of transients was also recorded in other
local populations of the species (Oro et al. 2004a). Such
a large turnover of individuals per year confirms that
dispersal, which is asymmetric between Audouin’s gull
populations (Cam et al. 2004) can be crucial for the
dynamics (Oro and Ruxton 2001, Martı́nez-Abraı́n et
al. 2003, Cam et al. 2004, Oro et al. 2004a). High
proportions of transients are also common in inverte-
brate metapopulations and short-lived vertebrates (Per-
ret et al. 2003), but its importance for the population
dynamics of long-lived organisms has received less
attention (Brooks and Lebreton 2001, Inchausti and
Weimerskirch 2002). At an individual level, transient
behaviour was more common among older gulls, which
may reflect a lower quality phenotype of birds recruit-
ing at older age and/or breeding only a few times in
their life (Bradley et al. 2000). Alternatively, these
animals may be regular breeders in other colonies and
opportunistic breeders at the Ebro delta colony (Prevot-
Julliard 1996).

Productivity

The average productivity was the only parameter that
increased even when population fluctuated around its
equilibrium. This result was unexpected since several
studies in colonial long-lived birds have shown that
productivity declines when populations reach a critical
density (Coulson et al. 1982, Hamer et al. 1991, Jehl
1994, Kilpi 1995). The average productivity of Au-
douin’s gulls was associated with changes in total food
availability (see similar results in Birkhead and Furness
1985, Cairns 1992) more than the per-capita amount of
resources and more than survival and recruitment
probabilities appeared to be. A possible explanation
could be that density-dependence acted at the beginning
of the breeding season and/or it was related to resources
other than per capita food (Sæther and Engen 2002).

Conclusions

Importantly, we showed how none of the intrinsic or
extrinsic factors affected demographic parameters
equally. Population density had a general negative
influence in local survival, transience and recruitment,
but not in productivity. However, high values of
recruitment were also observed at high population
densities, due to a combination of density-dependent
and -independent factors, which provide the potential
for unexpected increases in the number of breeding
pairs, probably generating a departure from the
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expected relationship of population density and popu-
lation growth rate. The role of recruitment in our case
mirrors the one of fertility in some long-lived mammals
(Clutton-Brock and Coulson 2002). In fact, recruit-
ment pulses at high population densities might have
buffered a population decline predicted by the nega-
tive trend of survival. This was also due to the open
feature of the study population and its connectivity with
other populations and to the fact that breeding output
was directly associated with food availability but not
with population density. Finally, no covariate alone
explained more than a third of the yearly variation in
any demographic parameter. Our study shows that the
strength of the negative feedback of population size
depends on the parameter considered and that open
population are equally influenced by stochastic events
than by intrinsic factors. This is in agreement with
recent analyses of long-term population counts that
showed how the variation in the growth rate of bird
populations is often largely affected by stochastic
components (Sæther and Engen 2002).
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