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Abstract

The migratory white stork (Ciconia ciconia) became extinct in Switzerland in 1950. A reintroduction project with intensive

management (translocation, prevention of migration, artificial feeding) started in 1948, and 175 pairs were breeding in 2000. For the

period 1973–2000 we estimated annual survival rates and fledging success to estimate the population growth rate by a stochastic

matrix projection model. Compared to other populations, adult survival rate (0.86, with 95% CI: 0.81–0.89) was very high and little

variable over time, juvenile survival (0.37, CI: 0.31–0.43) was comparable to other populations whereas the average fledging success

was low (1.65) but strongly variable over time. The population growth rate was positive, indicating that the population is self-

sustainable at the moment. The growth of the white stork population was largely favoured by the high adult survival which more

than compensates for the low fledging success. The population growth rate is particularly sensitive to changes in adult survival, but it

would be very difficult to improve this further with management. However, maintenance of the high adult survival is crucial and an

improvement in fledging success seems important for the long-term persistence of the white stork population in Switzerland.

Fledging success depends on habitat quality, and thus restoration of breeding habitats should be the main management activity in

the near future.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

A measure of success of a reintroduction programme

is the establishment of a self-sustaining population

(Scott and Carperter, 1987) of naturally behaving indi-
viduals. A population is self-sustaining if its long-term

growth rate is not negative and if the probability of

persistence despite given environmental or demographic

stochasticity is high. Natural behaviour of individuals

may be defined as behaviour that was shown previously

in the extinct population. At some point, the success of

the reintroduction programme should be evaluated in

order to adjust future management activities. Such
analyses for reintroduced species are still scarce (Scott
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and Carperter, 1987; Sarrazin and Barbrault, 1996) al-

though they are also useful for future projects.

The migratory white stork (Ciconia ciconia) became

extinct in Switzerland in 1950. A reintroduction project

started in 1948, and in 1960 the first free-flying pair re-
produced (Bloesch, 1980). The main reintroduction ac-

tivities included continuous releases of white storks

reared in captivity and artificial feeding of free-flying

individuals. In addition, nestlings of free-flying pairs

were either taken into captivity and released after ma-

turity, or their wing feathers were clipped. Both treat-

ments resulted in preventing the first migration and

hence enhancing survival expectation.
According to their pre-breeding history and mani

pulations in early life, the present population consists

of two different types of white storks: (1) white storks

from releases either of captive or of freely born, but

temporarily captive or wing-feather-clipped, individuals
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Fig. 1. Annual numbers of free nesting white storks in Switzerland

(columns) and an index of annual management intensity of young

white storks (line). The management index is the quotient of the

number of manipulated (held temporarily in captivity, translocated

or wing-feather-clipped) nestlings and the total number of fledged

nestlings.
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(hereafter, �manipulated�), and (2) individuals that were

born in the wild and had never been in captivity (here-

after, �non-manipulated�). Manipulated white storks

usually do not migrate any more, and so do not behave

naturally. The number of free-flying (manipulated and
non-manipulated) reproducing white storks increased

from 15 breeding pairs in 1970 to 175 in 2000. Because

there are now a large number of free-flying white storks,

management as defined above has almost completely

stopped, and the proportion of non-manipulated white

storks is increasing.

We focus on the question: would the population of

non-manipulated white storks in Switzerland be self-
sustainable, even if the number of the manipulated white

storks becomes zero? Self-sustainability can be assessed

by extinction probabilities or by population growth rate.

Extinction probabilities have recently been criticised by

several authors (Ludwig, 1999; Fieberg and Ellner,

2000), mainly because their confidence intervals are

usually very large, which reduces the reliability of in-

terpretations. As the extinction probability is a positive
function of the population growth rate (Lande and

Orzack, 1988), we estimate here this growth rate to

evaluate whether the population is self-sustaining. We

argue that the population is likely to be self-sustaining if

its growth rate is significantly larger than zero. In ad-

dition, we performed a perturbation analysis in order to

find out to which vital rate the population growth rate is

most sensitive. Finally, we discuss possible options for
the future management of the white stork population in

Switzerland.
2. Population trend and the history of reintroduction in

Switzerland

White storks live in open, farmed lowlands, feed
mainly on invertebrates, including a large amount of

lumbricidae, and small vertebrates (Moritzi et al., 2001)

and often breed in close vicinity of humans in a wide

area in Europe and Northern Africa (Cramp, 1977).

White storks from western Europe migrate in a narrow

flyway across Iberia and via the Strait of Gibraltar to

winter either in flood plains of large rivers just south of

the Sahara desert in Western Africa or, in recent years,
on the Iberian peninsula (Bairlein, 1981; Tortosa et al.,

1995). At the beginning of the 20th century the white

stork was widely distributed in Switzerland. Probably

because of the destruction of marshes and intensification

of farming in the breeding area, increased hunting

pressure along the migration pathways and rainfall

variation in the wintering quarters, the population

started to decline. In 1900, 140 breeding pairs were
known, these declined to 16 in 1930 and the last

breeding pair was observed in 1949 (Glutz von Blotz-

heim, 1962).
One year before extinction, a reintroduction pro-

gramme started (for details see Bloesch, 1980; Boettcher-

Streim, 1986). For several years, nestlings mainly from

Algeria were imported and released after fledging. Ow-

ing to the very low return rate of these birds, the practice

was changed. Most young white storks were then kept in
captivity until they were mature at the age of 4 years.

Such white storks have been breeding near the sites of

release since 1960.

An unintentional effect of this treatment was that

most white storks completely lost their migratory habit

and became resident. Initially there was one station

(Altreu) where the white storks were held in captivity

and released, but later more and more satellite-stations
joined the project (23 in 1992). To ensure that the white

storks bred in the vicinity of these stations and that they

survived in winter, they were regularly fed at the sta-

tions. Consequently, the number of free-flying breeding

pairs rapidly increased in the last 30 years (Fig. 1), on

average at an annual rate of l ¼ 0:085 (l ¼ logðn2000=
n1973Þ=29Þ. Since 1971 an increasing proportion of the

young white storks have fledged naturally. These indi-
viduals migrate in a similar way as other west-migrating

populations (Jenni et al., 1991), and thus can be re-

garded as behaving naturally. Today, most of the free-

flying white storks are not handled any more (Fig. 1),

and the frequency and extent of artificial feeding have

also decreased.
3. Methods

3.1. The structure of the white stork population

The non-manipulated white storks are not indepen-

dent of the manipulated part of the population. We have
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to decide first, which part of this population should be

analysed to answer our main question about the self-

sustainability of the present population.

Young white storks reared by manipulated parents

enter into the non-manipulated part of the population if
they have not been handled in any way except for

ringing. In contrast, young white storks reared by non-

manipulated parents add to the manipulated part if they

have been taken temporarily into captivity or if they

have been prevented from migrating by the clipping of

wing feathers. As soon as these management activities

stop, the number of young white storks from non-ma-

nipulated parents entering the manipulated part will
drop to zero immediately. Conversely, the appearance of

non-manipulated young white storks from manipulated

parents may continue until the manipulated parents

have died or stop reproducing. As direct management

has already largely stopped, we assume the non-ma-

nipulated part of the population to be influenced by the

manipulated compartment only through the appearance

of non-manipulated young.
Now, a constant number of �immigrants� into a

population each year has no effect on the growth rate of

that population (log kÞ if it is already larger than zero

without the immigrants and if there is no density-de-

pendent regulation: regardless of the number of immi-

grants, in the long run, the population will increase at

the rate of log k. On the other hand, if the population is

decreasing, the population size will stabilise at a level
slightly lower than the amount of immigrants (Pulliam,

1988). Therefore, it is sufficient to consider log k of the

non-manipulated part to decide whether in the long run

the population will be self-sustaining; hence, for our

considerations, we can neglect the contribution of the

manipulated parents.

3.2. Matrix model and estimation of the population

growth rate

The deterministic growth rate is consistently larger

than the stochastic growth rate, which includes envi-

ronmental and/or demographic stochasticity (Dennis

et al., 1991; Caswell, 2001). Significant covariation

among vital rates or density-dependent compensation in

vital rates generally decreases the population growth
rate as well (Lebreton and Gonzalez-Davila, 1993; Ca-

swell, 2001). In order to judge the self-sustainability it is

better to get a conservative estimate of the population

growth rate. When estimating the population growth

rate, we therefore take into account the environmen-

tal stochasticity, the covariation among vital rates

and, if significant, density dependence. We did not

consider demographic stochasticity because the studied
population was sufficiently large to make its effect

on the population growth rate negligible (Lande, 1993;

Caswell, 2001).
We estimated the stochastic population growth rate

by simulation using an age-classified Leslie-matrix.

Leslie-matrix population models have very favourable

properties. For example the asymptotic time-invariant

population growth rate as well as the stable age distri-
bution and age-specific reproductive rates are simply

calculated from this matrix (Caswell, 2001). Because

white storks start to breed in the third or fourth year of

life (Zink, 1967) we defined a matrix model with four age

classes, and considered a pre-breeding census and a

projection interval of one year:

Ai ¼
0 0 1

2
m3fiS

j
i
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2
m4fiS

j
i

Sad
i 0 0 0

0 Sad
i 0 0

0 0 Sad
i Sad

i
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3
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where fi is the average number of fledglings per breeding
female in year i, Sad

i is the adult survival rate during year

i, Sj
i is the first year survival rate during year i, m3 is

the proportion of storks that start to breed already in

their third year of life, and m4 is the proportion of re-

producing storks older than 3 years. Lebreton (1978)

estimated m3 in an Alsace white stork population (m3 ¼
0:475). We used the same value, because we could not

estimate m3 for the Swiss population due to the sparse-
ness of the recapture data. We assume that all adults in

the breeding population attempted to reproduce each

year (i.e., m4 ¼ 1).

To create the Ai, we selected randomly one of the 28

study years with probability 1/28 and filled the matrix

with the fecundity and survival estimates of this year. By

doing so, we retained the possible correlation structure

among all vital rates within years. We started the sim-
ulation with a population vector n0 of size N0 ¼ 1. This

vector was then left-multiplied 11,000 times with Ai.

After discarding the first 1000 steps to eliminate tran-

sient dynamics, the stochastic population growth rate

was estimated according to Cohen et al. (1983) and

Caswell (2001) as:

log k̂s ¼
1

10; 000

X11;000
i¼1001

log
Niþ1

Ni

� �
: ð2Þ

Elasticities to lower level parameters in Ai were cal-

culated from the average projection matrix A, because
differences between stochastic and deterministic elastic-

ities are usually negligible (Benton and Grant, 1996;

Caswell, 2001). All these calculations were performed

with MATLAB (Anon., 1992).
3.3. Data sampling and estimation of the vital rates

Prior to 1973, the number of non-manipulated white

storks was very low. Therefore we restricted our analysis

to the period 1973–2000.
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3.3.1. Fledging success

The number of breeding pairs and the number of

fledged juveniles per breeding pair (defined as having

laid at least one egg) were recorded every year by

members of �Storch Schweiz�. Because the reproducing
pairs breed usually close to the stork stations, they could

easily be surveyed by the local managers, and hence only

very few breeding attempts and fates of broods re-

mained undetected or unknown. We estimated the

fledging success in a given year as the ratio of the total

number of fledged white storks to the number of

breeding pairs. We tested for density-dependence by

regressing annual fledging success on the annual number
of breeding pairs. We could not estimate separately the

fledging success of the manipulated and the non-ma-

nipulated individuals because too few ring resightings

have been made. We assume, therefore, that the fledging

success of the two groups is identical.

3.3.2. Survival rates

Recoveries and resightings at the breeding grounds of
ringed, non-manipulated storks were used to estimate

survival rates. Each year more than 90% of all storks

born in Switzerland were ringed in the nest at the age of

about 5–7 weeks. Resightings were conducted by dif-

ferent members of �Storch Schweiz�, but with temporally

and spatially varying effort. Ring recoveries were ob-

tained from the Swiss ringing centre (Swiss Ornitho-

logical Institute, Sempach).
From 1973 to 2000, 3592 non-manipulated nestlings

and 11 adults were ringed in Switzerland. The mean date

of nestling ringing was 15 June, and the annual survival

rates were therefore estimated from mid June to mid

June. Of these ringed storks, 106 have been resighted at

least once at their subsequent breeding sites. We in-

cluded all recaptures conducted at one of the breeding

sites in Switzerland between 1 March and 31 August.
The mean date of these recaptures was 14 June, fitting

very well with the mean date of ringing. Because white

storks mostly do not breed until they are 3 years old

(Zink, 1967; Biber et al., 2003), we excluded all resigh-

tings of younger storks to reduce heterogeneity in res-

ighting probabilities. Up to the 14 June 2001, 475 ringed

storks were recovered dead.

We performed a combined analysis of the resighting
and recovery data (Burnham, 1993; Catchpole et al.,

1998; White and Burnham, 1999). In this analysis, four

different parameter types are estimated: S, the proba-

bility that a marked stork survives from one year to the

next (survival probability); F , the probability that a

surviving marked stork remains in the study area (site

fidelity probability); p, the probability to see a living,

marked and not emigrated stork (resighting probabil-
ity); and r, the probability that a marked, dead white

stork is found and its ring is reported (recovery

probability).
It is well known that the survival rate of white storks

during their first year of life is lower than thereafter

(Lebreton, 1978; Schaub and Pradel, in press; Doligez

et al., in press) and that fidelity to the breeding sites is

very high, once storks have started to breed (Zink,
1967). When modelling survival (S) and fidelity (F ) rates
we therefore always included an age effect that lasts one

year after birth. As the main mortality causes may differ

between first year and adult storks, the recovery rate (r)
might be age-dependent as well. Since only resigh-

tings of adult storks were included, the probability (p)
is not modelled as age-dependent. Because of the long

study period and possible changes in observation effort
through time, we also initially considered time depen-

dence for all parameter types. The maximal model

from which we intended to start model selection was

denoted as fSa2 � t; pt; ra2 � t; Fa2 � tg, where subscript a2
refers to 2 age classes, t to time-dependence and * to an

interaction.

There exists no established goodness-of-fit (GOF)

test for this model. Therefore we conducted separate
GOF tests for the recovery data, using a parametric

bootstrap procedure with MARK (White and Burn-

ham, 1999) and for the resighting data using U-CARE

(Choquet et al., 2001). The bootstrap GOF test for

model fSa2; ra2g was significant (P ¼ 0:022, 1000 runs),

perhaps due to a slight overdispersion (ĉ ¼ 1:156). The
GOF test for the resighting data was not significant

(model fSt; ptg, v262 ¼ 79:16; P ¼ 0:07). However, the
subtest 3Sm, which is particularly sensitive to the fail-

ure of the assumption of recapture rate homogeneity

among individuals, was highly significant (3Sm:

v29 ¼ 45:61; P < 0:01). In fact, the resighting effort dif-

fered among stations. We therefore divided the data

into two parts, one containing all storks that were

ringed and resighted in the largest colony Altreu

(47.18�N, 7.45�E), and one with all other stork colo-
nies. Neither the overall GOF of the model with colo-

ny-specific (denoted as c) survival and resighting rates

(model fSt� c; pt� cg, v273 ¼ 28:60; P > 0:99), nor test 3Sm
alone ðv28 ¼ 4:25; P ¼ 0:84) was significant. The most

general model that we consider most appropriate to fit

the data was then fSa2 � t; pt� c; ra2 � t; Fa2 � tg.
Model selection and parameter estimation were per-

formed using program MARK (White and Burnham,
1999). We used the Akaike�s information criterion

modified for small sample size (AICc) (Burnham and

Anderson, 1998) for model selection.

We formulated a set of 135 biologically meaningful

models. The survival and fidelity rates were always as-

sumed to be age-dependent, but not always time-

dependent (Sa2 � t; Sa2þt; Sa2; Fa2 � t; Fa2þt; Fa2; subscript +
refers to additivity of two effects). For the resighting rate
we always retained the time dependent structure, be-

cause the resighting effort varied over time. In some

models we included a colony effect on the resighting
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probability, in others not (pt� c; ptþc; pt). Five model

structures were considered for the recovery rate

(ra2 � t; ra2þt; rt; ra2; r:; subscript. refers to constancy). The

135 models were obtained by combining all these

structures.
Once a parsimonious model was obtained, we inves-

tigated possible density-dependence in the survival rate

by modelling them as a logit-linear function of the log-

arithm of the number of breeding pairs.

Among the non-manipulated white storks there are

birds that winter in Switzerland, probably attracted by

manipulated conspecifics. Because they are fed in winter,

they are expected to have higher survival than migrants.
The proportion of the residents is likely to decrease

when winter feeding is stopped, which is a management

option. For the assessment of self-sustainability it was

therefore important to estimate the survival rate of the

migratory segment of the population. But as potential

migrating white storks cannot be distinguished from

potential residents at the time of ringing, we were not

able to estimate directly the survival rate of the mi-
grants. However, we know the overall survival rate from

the analyses described above. If we know the survival

rate of the white storks wintering in Switzerland and

their proportion among all non-manipulated white

storks, we can get a rough estimate of the survival rate

of the migrating white storks.

At one satellite-station (M€ohlin; 47.55�N, 7.83�E)
resightings were obtained also during winter, from 1987
to 2000. The year in which the storks were seen for the

first time in winter was considered as the year of ringing.

A hundred-and-twenty free-flying (but not exclusively

non-manipulated) individuals were observed in at least

one winter. Out of these, 47 were one year old, and 73

older. Forty storks were resighted in at least one later

winter, and 16 were found dead. We analysed these data

with the same model which simultaneously handles
resightings and recoveries of dead birds as described

before. We intended in this way to obtain a rough esti-

mate of the survival rate of wintering storks and there-

fore did not consider models in which the survival rate

varied over time.

As the first age class refers here to the age between 0.5

and 1.5 years, and as mortality just after fledging is

probably high, we suspect that there might be no further
age differences once the young reached full indepen-

dence. We thus considered two models for survival: Sa2
and S:. The effort of resighting varied between years and

we therefore only considered the time-dependent model

for this parameter (pt). As in the previous analysis, we

suspected the reporting and the site fidelity rates to be

age- and/or time-dependent (ra2 � t; ra2þt; ra2; rt; r:; Fa2 � t;
Fa2þt; Fa2Þ. We combined all these structures to obtain a
set of 30 candidate models. We assessed the goodness-

of-fit to the resighting data only with U-CARE (Choquet

et al., 2001), separately for white storks first seen as
juveniles and those first seen as adults. Neither of these

tests was significant (juveniles: v218 ¼ 6:61, P ¼ 0:99;
adults: v216 ¼ 13:70, P ¼ 0:62). We concluded that a more

complicated model which accounted for age differ-

ences in survival would be suitable. We did not test the
GOF of the recovery data separately because they were

too few.

3.4. The survival rate scenarios considered

We considered two values for the mean adult survival

rate. First, we used the average survival rate estimate

based on the overall sample, and secondly we used the
same estimate corrected for the presence of residents as

explained above. Furthermore, if we found that survival

was constant over time, we would nevertheless consider

a scenario with time-dependent survival rates. If the

temporal variation were small it might not be detected in

the model selection process. As temporal variation in

survival reduces the population growth rate compared

to when survival is assumed constant over time, the
potentially false finding of constant survival may result

in an overly optimistic estimate of the population

growth rate. We prevent this by considering a scenario

with time-dependent survival. We used the shrinkage

estimators of the time-dependent survival rates, as they

contain only true temporal variation that is separated

from sampling variation (Burnham and White, 2002). In

summary, we considered up to four scenarios to estimate
the population growth rate, (i) with time-invariant sur-

vival rates of all non-manipulated storks, (ii) with time-

invariant survival rates corrected for residents, (iii) with

time-varying survival rates of all non-manipulated

storks, and (iv) with time-varying survival rates cor-

rected for residents.
4. Results

4.1. Fledging success

During the 28 years, 3123 breeding attempts were

recorded and 4759 storks fledged. The average mean

annual fledging success was 1.649 (min: 0.743, max:

2.625, n ¼ 28), with strong temporal variation (Fig. 2).
Mean annual fledging success slightly decreased with

increasing population size (b ¼ �0:0034 (S.E. 0.0018);

F1;26 ¼ 3:74, P ¼ 0:064). However, because the trend

was weak and non-significant, we did not consider

density-dependent regulation for population modelling.

4.2. Survival rates of non-manipulated storks

The preferred model was characterised by: (i) time-

dependent recovery rates (average 0.145, range 0–0.267);

(ii) age-dependent fidelity rates [(juveniles 0.380 (95%



Table 1

Selection of the seven best models describing survival probability (S),

resighting probability (p), recovery rate (r) and fidelity probability (F )
of white storks in Switzerland, 1973–1999

Model Deviance np DAICc Akaike

weight

Sa2; ptþc; rt; Fa2 736.7 50 0.00 0.52

Sa2; pt; rt; Fa2 739.2 49 0.41 0.42

Sa2þt; ptþc; r:; Fa2 743.4 50 6.72 0.02

Sa2þt; pt; r:; Fa2 746.3 49 7.51 0.01

Sa2; ptþc; r:; Fa2 800.4 23 8.59 0.01

Sa2þt; ptþc; ra2; Fa2 743.4 51 8.74 0.01

Sa2; ptþc; ra2þt; Fa2 743.6 51 8.98 0.01

The model subscripts refer to age (a2), time (t), and colony effects

(c), and to constancy (.). The number of estimated parameters is given

by (np), and the small-sample size adjusted Akaike�s information cri-

terion differences by (DAICc).

Fig. 3. Shrunken survival rates of adult and juvenile non-manipulated

white storks in Switzerland, estimated by the best model with temporal

variation in survival rates (Sa2þt; ptþc; r:; Fa2Þ. Vertical lines show the

shrunken standard errors.

Table 2

Selection of the seven best models describing survival probability (S),
resighting probability (p), recovery rate (r) and fidelity probability (F )
of wintering white storks in M€ohlin

Model Deviance np DAICc Akaike

weight

S:; pt; r:; Fa2þt 332.0 28 0.00 0.51

Sa2; pt; r:; Fa2þt 331.1 29 1.68 0.22

S:; pt; ra2; Fa2þt 331.7 29 2.24 0.17

Sa2; pt; ra2; Fa2þt 330.8 30 4.01 0.07

S:; pt; r:; Fa2 369.1 16 7.82 0.01

Sa2; pt; r:; Fa2 368.6 17 9.62 0.00

S:; pt; ra2; Fa2 368.9 17 9.62 0.00

The model subscripts refer to age (a2) and time effects (t), and to

constancy (.). The number of estimated parameters is given by (np),
and the small-sample size adjusted Akaike�s information criterion

differences by (DAICc).

Fig. 2. Fledging success (average number of fledgings per breeding

pair) of white storks in Switzerland from 1973 to 2000.
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confidence interval 0.233–0.554), adults 0.849 (95% CI:

0.740–0.917)]; (iii) time- and colony-dependent resigh-

ting rates and (iv) age-dependent survival rates (Table

1). The estimated first year survival rate was 0.369
(95% CI: 0.314–0.426), and the adult survival was

0.856 (95% CI: 0.810–0.893). There was no evidence of

density-dependent compensation in survival rates

(fSa2 �ln ð# breeding pairsÞ; ptþc; rt; Fa2g: DAICc ¼ 3:49). The

best model with temporal variation in the survival rates

(fSa2þt; ptþc; r:; Fa2g was clearly worse than the best

model, indicating that temporal variation was not im-

portant. Nevertheless, in order to get a conservative
estimate of the stochastic population growth rate, we

used the shrunken estimates from the latter model for

the population projections (Fig. 3).

4.3. Survival rates of resident storks

Model selection favoured a model with a survival rate

that was equal for both age classes (Table 2). The sur-
vival estimate for adults was higher (0.885, 95% CI:

0.794–0.939) than the corresponding estimate in the

previous analysis of the mixture of residents and mi-

grants. The next best model with less than half the
weight of the best one differed in that the survival

rate was age dependent, but otherwise had the same

structure.

4.4. Adult survival rate of migrating storks

The proportion of white storks born in M€ohlin and

still alive in winter that were observed alive or were
found dead during winter (months November, Decem-

ber, January, February) in Switzerland, in the Alsace or

in Germany is a lower limit estimate of the proportion

of residents. In all, 192 free-flying storks were born in



Table 4

Lower level elasticities of the population growth rate to variation in

vital rates

Vital rate Elasticity

Juvenile survival (Sj) 0.124

Adult survival (Sad) 0.876

Fledging success (f ) 0.124

Probability to start breeding at age 3 (m3) 0.012

Proportion of breeding adults (m4) 0.112

The elasticities were calculated based on a matrix model using the

survival rates from scenario one and the average fledging success.
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M€ohlin between 1987 and 2000, of which an estimated

122 were still alive at the end of December of the year of

birth (assuming a first year survival rate of 0.37).

Twenty-one of them were seen or recovered in Switzer-

land during winter, thus a minimal estimate for the
proportion of residents is 0.172. Note that this number

of storks seen in winter is considerably lower than the

number for the estimate of the survival rates of residents

(120). This is because, in the former case, only non-

manipulated storks are included, whereas in the latter

case all storks are considered. If 17.2% of the non-

manipulated storks are residents and if this estimate

is typical for the whole of Switzerland, then the
annual survival rate of migratory adult storks would

be 0.850 ð¼ ð0:856� 0:172 � 0:885Þ=ð1� 0:172ÞÞ, not

very much lower than estimated for all non-manipulated

white storks (0.856).
4.5. Stochastic population growth rate and perturbation

analysis

The estimates of the shrunken survival probabilities

before the year 1984 were rather imprecise and some

were even at the boundary (Fig. 3), which was probably

caused by the low sample size at that time. To reduce the

influence of the uncertainty of these estimates on the

population growth rates, we only considered the last 17

years (1984–2000) for the scenarios including environ-

mental stochasticity in survival rates. The stochastic
population growth rate was the highest when there was

no temporal variation in the survival rates and when the

adult survival rate was not adjusted for the birds win-

tering in Switzerland (Table 3). The mean stochastic

population growth rate and its 95% confidence limits

were larger than zero in all scenarios.

We present elasticities from the first scenario only, as

the differences between the different scenarios turned out
to be marginal. Population growth rate was by far the

most sensitive to changes in adult survival rate (Table 4).

For example a proportional change in adult survival

rate resulted in approximately a seven times larger

change in population growth rate than the same pro-

portional change in juvenile survival rate, in fledging

success or in the proportion of breeding adults. The

population growth rate was almost unaffected by the
Table 3

Stochastic population growth rates ðlog bksÞ with 95% confidence intervals in

Scenario

Survival rate constant, no correction for residents

Survival rate constant corrected for the presence of residents

Survival rate time dependent, no correction for residents

Survival rate time dependent corrected for the presence of residents

The estimate was obtained by 11,000 bootstrap simulations, of which the
proportion of white storks starting to breed at the age of

3 years (Table 4).
5. Discussion

5.1. Demography and population growth

Our analysis shows that the stochastic population

growth rate of the reintroduced white storks is positive,

and that the population can be considered to be self-

sustaining. The first two scenarios, where no temporal

variation in the survival rates was considered, were

slightly too optimistic, because there was certainly some,

but perhaps small, temporal variation in survival rates.

Furthermore, the proportion of breeding adults was
assumed to be 1, which was certainly a slight overesti-

mate. Moreover, the proportion of non-manipulated

birds that winter in Switzerland might have been higher

than estimated here; in consequence, the average sur-

vival rate of the migrants is likely to be slightly lower

than estimated. In contrast, the last two scenarios were

rather pessimistic, because they include too much vari-

ation in the survival rates. However, even with the
overestimated variation, the average population growth

rate was still larger than zero. We conclude that the

probability of extinction of the white stork population

in Switzerland is nearly zero over the short term (�25

years).

The comparison of the observed population growth

rate (based on the census data) and the expected one

(based on the stochastic matrix projection model) is
only reasonable for the most recent years where the
parentheses estimated under different scenarios

Stochastic population growth rate

0.0406 (0.0395–0.0417)

0.0351 (0.0340–0.0362)

0.0386 (0.0365–0.0409)

0.0313 (0.0290–0.0336)

first 1000 have been discarded.
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management activity was low, and hence the ob-

served population growth reflects more or less natural

conditions. Considering the last 10 years, the observed

population growth rate was lower (l ¼ logðn1990=
n2000Þ=10 ¼ 0:013) than the expected one (scenario four,
only last 10 years considered; log ks ¼ 0:027). There are
several possible reasons for this discrepancy. First, and

most likely in our opinion, the observed population

growth rate was lower due to dispersal, which was not

considered in our model. Ring recoveries and resightings

show that a number of Swiss storks have settled abroad,

most frequently in the Alsace (France) and Baden-

W€urttemberg (Germany). Second, environmental vari-
ation and/or density-dependent regulation could have

changed the breeding probabilities ðm3;m4Þ which were

considered constant in our model. Third, the proportion

of wintering white stork in Switzerland may be under-

estimated, which in turn would overestimate the survival

rates of migratory white storks. Fourth, the growth rate

estimated with the census data may be biased, because

not all breeding pairs were found each year. It is possible
that the proportion of undetected pairs increased as the

population increased, resulting in an underestimate of

the growth rate.

The population growth rate was by far the most

sensitive to changes in the adult survival rate and about

as sensitive to changes in the other vital rates consid-

ered. This means that a relatively small change in the

adult survival rate to <0.82 would be sufficient for the
population to start to decline. Relatively larger changes

in the other vital rates could be tolerated by the popu-

lation until it would start to decline.

Similarly high estimates of adult survival are re-

ported for white storks from the Netherlands, which

were reintroduced in a similar way as those in Swit-

zerland (Doligez et al., in press). In contrast, lower

estimates of adult survival were found in populations
that were not created by reintroduction (Germany and

Alsace: between 0.58 and 0.75 [Kanyamibwa et al.,

1993]; western France: between 0.74 and 0.78 [Barb-

raud et al., 1999]). A main source of variation in the

adult survival rate is the amount of rainfall in the

wintering quarters (Sahel); in dry periods survival is

reduced (Kanyamibwa et al., 1990, 1993; Barbraud

et al., 1999). During the period considered here, rainfall
in the Sahel was relatively low in the 1970s and in-

creased slightly thereafter. In recent years, an in-

creasing number of white storks including Swiss ones

have wintered in southern Spain (Tortosa et al., 1995).

These storks avoid the potentially dangerous crossing

of the Sahara desert and profit from high food

availability on irrigated fields and on rubbish tips in

Spain. Furthermore, kills due to power line collisions
have slightly decreased in recent years (Schaub and

Pradel, in press). All these factors may have enhanced

survival.
First year survival rate of Swiss storks was within the

range of other sites (Baden-W€urttemberg: 0.26–0.40

[Bairlein and Zink, 1979]; Alsace: 0.39–0.48 [Lebreton,

1978]). Since this parameter is difficult to estimate, the

sources of its variation have not been studied yet.
Fledging success during the study period (1.65 fledg-

lings/breeding pair) was significantly lower than before

extinction (2.3; Moritzi et al., 2001; Biber et al., 2003). It

was also low compared to the rapidly growing popula-

tion in western France (3.2 fledging/breeding pair;

Barbraud et al., 1999), but within the range of popula-

tions in the Alsace (1.44), in Baden-W€urttemberg (1.64)

and in the Netherlands (1.39) in about the same period
(Bairlein, 1991). A significant part of the variation in

fledging success between years in Swiss storks was

caused by weather during breeding: fledging success was

increased when temperature was high and the amount of

precipitation low (Moritzi et al., 2001). Fledging success

also depends on habitat quality and farming practice: it

is higher where the amount of grassland is high

(Schneider, 1988) and where the grassland is mown se-
quentially (Johst et al., 2001). We found a marginally

significant tendency in the fledging success to decrease

either over time or with increasing density. As the

number of breeding pairs and time were very strongly

correlated (r ¼ 0:976), these two effects could not be

separated. This aspect needs further investigation. If the

declining breeding success is density-dependent it is of

no conservation concern, since it would recover at lower
density. Density-dependent breeding success was found

in a French population (Barbraud et al., 1999). How-

ever, if the observed decline should turn out to be a

trend over time, e.g. due to decreasing habitat quality,

this would threaten the population.

Based on the possible and observed variation in the

vital rates and the sensitivity analysis we can speculate

about the demographic reasons for the extinction and
the recovery. The reproductive success decreased in the

period when the population declined (Bairlein, 1991),

suggesting that a drop in reproductive success was in

part responsible for the extinction. However, the re-

productive success at the time just before extinction was

still significantly higher than now (Moritzi et al., 2001),

pointing towards additional mechanisms for the popu-

lation decline. Bairlein (1991) showed that the period of
population decline in Central Europe paralleled a de-

cline in Sahelian rainfall. Knowing that survival is

linked with Sahelian rainfall and that population growth

is very sensitive to changes in adult survival, it is likely

that a drop in adult survival was another factor re-

sponsible for the extinction. The recovery of the Swiss

population was initiated by releases and intensive

management, but was much facilitated by an increased
adult survival. The ongoing destruction of the breeding

habitats (decreasing amount of meadows) is probably

the main reason for the low fledging success nowadays.
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However, the high adult survival more than compen-

sates for the negative effect of the reduced fledging

success.

5.2. Proposals for future management

The actual population size of 175 free-flying breeding

pairs should be enough as a founder population (Griffith

et al., 1989). Further releases and management practices

like translocations or prevention of migration by wing

feather clipping would probably not enhance substan-

tially the probability of success. Resources for man-

agement should be directed to actions that increase the
vital rates or reduce their variations.

Because of its high elasticity, adult survival rate is

potentially the most rewarding parameter on which to

focus management. However, as pointed out, it is al-

ready very high and not very variable – and hence it

would be difficult to improve any further. To maintain

this high survival rate, actions that have negative impact

on it should be avoided (i.e. habitat destruction in
breeding and wintering areas, power line collisions,

hunting). Schaub and Lebreton (in press) showed that

mortality induced by power lines is almost completely

additive to the remaining mortality, hence reducing

power line mortality would directly increase survival.

Because the population growth rate is little sensitive

to changes in the reproductive parameters, only sub-

stantial increases would enhance the probability of
persistence of the Swiss white stork population. Never-

theless, we think that the enhancement of reproductive

success through habitat restoration (see e.g. Schneider,

1988; Senra and Al�es, 1992; Carrascal et al., 1993; Johst
et al., 2001) should become a principal aim in the

management of the population. Several reasons lead to

this claim. First, compared to the survival rates, fledging

success was very variable, and has thus a much greater
potential to be changed by management. Although the

population growth rate is not particularly sensitive to

changes in fledging success, it is probably more easily

enhanced or maintained high when management is fo-

cused on enhancing fledging success rather than survival

rates (Ehrl�en and van Groenendael, 1998). Second, the

probability that the high adult survival rate would de-

cline seems more likely than to increase. High adult
survival was the result of the reintroduction manage-

ment through providing food and thereby increasing

residency of Dutch white storks (Doligez et al., in press).

If food provisioning in particular during winter were to

decrease, it can be expected that the proportion of mi-

grating white storks would increase and consequently

the average survival rate would decrease. It is likely that

similar relationships are valid also for Swiss storks. To
buffer against a possible decline, the fledging success

must either improve or its variation over time reduce.

Finally, the success of a species reintroduction pro-
gramme is usually much more likely when the factors

that caused the population extinction have been elimi-

nated (Griffith et al., 1989). One major reason was the

destruction of breeding habitats – and habitat restora-

tion for white storks has remained marginal up to now
in Switzerland.
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