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MIGRATING BIRDS STOP OVER LONGER THAN USUALLY THOUGHT:

AN IMPROVED CAPTURE-RECAPTURE ANALYSIS
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Abstract. Migrating animals often divide their journey into alternating phases of mi-
gration bouts and stopping over. For investigating many questions of migration ecology it
is crucial (1) to estimate the duration of stopover phases, and (2) to test whether animals
of different groups differ in their stopover behavior. Using recent advances in capture—
recapture statistics, we show how total stopover duration can be estimated from capture—
recapture data. The probabilities of immigration are estimated and modeled by recruitment
analysis and are converted into the time the animals spent at the stopover place before
capture; the probabilities of emigration are estimated and modeled by survival analysis and
are converted into the time the animals spent at the stopover place after capture. The sum
of the two parts is the total stopover duration. Tests for differences between groups can be
addressed by an appropriate model selection procedure. Two examples of migrating pas-
serine birds at a stopover site in Switzerland illustrate this method. Mean total stopover
duration was 12.3 d for Reed Warblers and 7.1 d for Reed Buntings. This was considerably
higher than values obtained by the minimum stopover duration estimation (6.0 and 4.4 d,
respectively). Because of the fundamental weaknesses of the minimum stopover duration
estimation, which has been widely used in migration ecology, many findings obtained by
this method need to be reconsidered.

Key words:  Acrocephalus scirpaceus; capture—recapture; Cormack-Jolly-Seber model; Emberiza
schoeniclus; emigration probability; immigration probability; migration; Reed Bunting; Reed Warbler;

statistical estimation method; stopover duration.

INTRODUCTION

Many animals are migratory and visit a series of
distinct areas, each for only a restricted time period.
Only in a few cases can the animals be surveyed con-
tinuously or their entry into and exit from a particular
area be controlled reliably. In most cases, the arrival
at and departure from a given area are not directly
observable and, hence, the duration of the stay at a
given place is not known and must be estimated. This
is particularly true for migrant birds that usually divide
their journey between the breeding and wintering
grounds into phases of flights and stopovers. Although
stopover duration of afew large birds can now be mea-
sured directly in individuals tracked by satellite telem-
etry (e.g., Fuller et al. 1995, Kjellén et al. 1997), the
actual and foreseeable size and costs of satellite trans-
mitters are still too large to be applied to large samples
of small birds. At least in the case of birds and other
animals that can be marked individually, other methods
will have to be used, such as the estimation from cap-
ture-mark—recapture data.

In migratory birds, stopovers are usually much lon-
ger than flight bouts. Hence, the total time for a mi-
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gratory journey and its partitioning is mainly deter-
mined by the time spent at stopover places. Together,
stopover duration and the rate of replenishing energy
reserves largely determine the migration strategy of a
bird (Alerstam and Lindstrom 1990, Alerstam and Hed-
enstrom 1998). Both parameters may be adjusted in
response to various ecological factors (e.g., food avail-
ability, expected distance to and expected energy ac-
cumulation rate at the next stopover place, predation
risk, weather, endogenous time program; Gwinner
1990, Richardson 1990, Lindstrom et al. 1994, Frans-
son and Weber 1997, Fransson 1998) and are among
the important parameters in models of optimal migra-
tion (Alerstam and Lindstrom 1990, Weber and Hous-
ton 1997, Weber et al. 1998). Despite the obvious im-
portance of stopover duration for our understanding of
the ecology of migration, no methods are available that
reliably estimate stopover duration from capture—
mark—recapture field data. This explains the serious
lack of field studies relating stopover duration to eco-
logical factors and testing models of optimal migration.

Marking birds individually with rings at stopover
places provides capture—mark—recapture data that con-
tain the information on stopover duration. An approach
often used until recently is to calculate the so-called
minimum stopover duration, which is the time elapsed
between first and last capture (e.g., Cherry 1982, Lyons
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and Haig 1995, Morris et al. 1996). Apart from ne-
glecting the time a bird may have spent at the stopover
site before first capture and after last capture, this mea-
sure is based only on those birds caught at least twice
and may not be representative of the entire population.
Often, minimum stopover duration is used as arelative
measure for the comparison of two or more groups of
birds. However, because the time spent beforefirst cap-
ture and after last capture, as well as capture proba-
bility, may vary among the comparison groups, thisis
not generally avalid approach. Minimum stopover du-
ration is obviously not a useful correlate of total stop-
over duration.

A better approach is to analyze the capture-mark—
recapture data with Cormack-Jolly-Seber models. This
method all ows estimation of survival and capture prob-
abilities separately and, based on open populations,
assumes that the estimated survival probability is the
probability of staying at the stopover place. Simple
formulas for the calculation of stopover duration can
be used when survival and capture probabilities are
assumed to be constant over time (Lavee et al. 1991,
Holmgren et al. 1993). Kaiser (1995) and Pradel et al.
(1997b) calculated stopover duration when survival
and capture probabilities vary over time. However, the
estimates of survival probabilities are conditioned on
capture, i.e., the time the birds spend at a stopover place
after they have been captured is estimated. The time
the birds spent at the stopover place before capture
remains unknown.

The aim of this study was to demonstrate how stop-
over duration can be estimated by making use of recent
advances in capture—recapture data analysis (for mod-
eling of survival, see Lebreton et al. [1992]; for re-
cruitment analysis, see Pradel [1996]). The total stop-
over duration is calculated as the sum of the time the
animal spent at the place before and after capture. For
an animal captured at a given occasion, the probability
of being in the population before this capture (the se-
niority probability) is estimated by means of arecruit-
ment analysis (Pradel 1996). The probability of being
in the population after this same capture is estimated
by ordinary survival analysis, assuming that true sur-
vival is one. We developed a formula for the transfor-
mation of the survival and the seniority probabilities
that change over time into total stopover duration (see
the Appendix). Because there are no analytical for-
mulas for the covariances between the survival and the
seniority probabilities, the confidenceintervalsfor total
stopover duration have to be calculated using some
nonparametric procedure. We give a recommendation
for calculating these confidence intervals. Finally, in
two examples we compare the estimates of total stop-
over duration with stopover durations obtained by the
methods used earlier, and we show that stopover du-
ration in small passerines has generally been under-
estimated.

ESTIMATION OF STOPOVER DURATION
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ESTIMATING TOTAL STOPOVER DURATION

Animals need to be marked individually so that the
individual capture histories are available asan n X m
matrix, where m is the number of capture events and
n is the number of birds caught. An element of the
matrix |, is either zero (if the nth bird was not caught
at the mth event), or one (if it was caught). For this
study in which birds were caught daily over two to
three months, we pooled this matrix over five days,
resulting in a reduced matrix with n X (m/5) dimen-
sions. The determination of stopover duration consists
of four steps: (1) goodness-of-fit test of a global model;
(2) modeling of stopover duration before capture, by
means of arecruitment analysis (Pradel 1996); (3) mod-
eling of stopover duration after capture, with ordinary
survival analysis (Lebreton et al. 1992); and (4) cal-
culation of the means and variances of the total stop-
over duration, using the estimates and models obtained
from steps two and three.

Goodness-of-fit test.—This test assesses whether a
global model adequately fits the data (Lebreton et al.
1992). Goodness-of -fit tests identify, among others, the
occurrence of heterogeneity of survival and capture
probabilities between animals. One possible reason for
the lack of fit stems from differences in capture prob-
ability between animals captured and those not cap-
tured at the previous occasion (immediate trap response
models; Pradel 1993). Alternatively, the occurrence of
transients (i.e., animals that stay one time unit only
[transient models; Pradel et al. 1997a]) may contribute
to poor fit. Transience, itself, isabiologically important
phenomenon in the study of migration. For the ex-
amples that follow, we fitted the Cormack-Jolly-Seber
model to both the full and pooled data sets with soft-
ware REL-CR, a modified version of the software RE-
LEASE (Burnham et al. 1987).

Modeling of stopover duration before capture—
This step is termed ‘‘modeling of immigration” or
““modeling of stopover duration before capture.” By
performing a survival analysis run backwards in time,
separate estimates of the probability of having beenin
the population before the current capture (denoted as
v) and of the probability of capture (r) are obtained
(Pradel 1996). Technically, this can be done by re-
versing the capture histories and then performing a
survival analysis. The probability of immigration (1 —
v) cannot be estimated precisely if birds born during
the study period add to the sample. Because migration
generally does not overlap with breeding, this pre-
sented no problem in the examples that follow. Here,
we calculated the estimates with the software SURGE
5 (Reboulet et al. 1999), and fitted models that had
either time-dependent or constant parameter structures.
Model selection followed the suggestions of Lebreton
et al. (1992) and was based on the Akaike's Information
Criterion (AIC) and on likelihood ratio tests between
nested models.
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Modeling of stopover duration after capture—This
step istermed ‘“ modeling of emigration’ or ‘*modeling
of stopover duration after capture.” With a survival
analysis, separate estimates of the probability of cap-
ture (p) and of the probability of survival (¢) were
obtained (Lebreton et al. 1992). The estimated prob-
ability of survival ¢ isthe product of two probabilities
that could only be separated by multistate models
(Nichols and Kendall 1995): the true probability of
survival (¢*), and the probability of staying in the area
(d**), i.e., not emigrating. However, because true sur-
vival rate ¢* = 1 over the rather short period of stop-
over of migrating birds, the estimated values ¢ are
almost equal to the probabilities of staying in the area
&**. Model selection followed the same procedures as
described for the modeling of immigration.

Calculation of stopover duration from y and ¢.—
The total stopover duration of birds captured at occa-
sion i is the sum of the time they have stayed before
capture (recruitment analysis) and the time they will
stay thereafter (survival analysis). We first consider
how to calculate stopover duration after i, Sa. Thisis
equivalent to calculating a*‘ life expectancy in the site”
from the probabilities of staying in the area estimated
in the previous step. It requires two additional as-
sumptions. First, we assume that the instantaneous rate
of departure is constant within each interval. This is
not a very strong assumption, and a reasonable one
without indications to the contrary. The most difficult
point was to decide what should be the probabilities of
staying in the area beyond the study period. Note also
that, if these probabilities are estimated with model { ¢,
pd, the last separate estimate of ¢ is the one referring
to the period between the last-but-two and the last-but-
one capture occasions, because the probability of stay-
ing during the last interperiod is confounded with the
capture probability at the last occasion (Darroch 1959).
For the first nonestimable ¢, we opted in all cases for
a weighted gliding average involving the last three es-
timable ¢’s. If there are n estimable ¢'s, we estimate
the probability of staying one occasion beyond the
study period ¢,., as follows:

-2 2 n-1 4 n
g = Szt s DA ®

Assuming &, as defined by Eqg. 1 to be valid indef-
initely after the study period, it was possible to find
the formula for Sa (see the Appendix for derivation):

n i-1 n
Sa= (H ¢j>(1 - d)i)(l) + (H d’j)i- @)
i=1 \j=1 i =1 Pns1
We did not find large differences in Sa (<10%) if ¢,
was chosen to be either the weighted gliding average
Eq. 1, the mean of all estimable values ¢, O just
the last value ¢, if most ¢; were low (<0.4). Because
Eq. 2 for calculating Sa always contains ¢,.,, al Sa
are theoretically affected by the value chosen for ¢,,, ;.
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The influence of the choice of ¢,,,0nSa (1 =i =n)
increases toward the end of the study period. When the
probability of staying isconstant during the entire study
period, Eg. 2 simplifies to the mean expected lifetime
equation (Seber 1982):

-1

The mean stopover duration before a current capture
at i, Sh, can, of course, be estimated with the same
expression. However, since the recruitment analysisis
run backwards in time, the estimates of y are param-
eterized differently than those of ¢. If there are n es-
timable ¢ and vy, the mean total stopover duration §
of birds captured at i (1 =i = n) is the following:

®

B n k=1 _1 _ cbk n -1
S=2 (H d”')( b ) ! (H "’J’)Incbm
n k-1 1 — Yk
2R
" <J’rf[i+1 yj)m;ill @

Closed-form formulas for an approximation of the
variance of total stopover duration could theoretically
be found by the delta method (see, for instance, Seber
[1982]). However, the values of some components in
this formula, namely the covariances between the ¢'s
and they’s, were missing. This problem could be solved
if the estimates of ¢ and y were derived from inde-
pendent data sets by, for instance, splitting the data set
randomly in half, but this makes poor use of the data.
We instead resorted to bootstrapping (Efron and Tib-
shirani 1993). Using nonparametric bootstrap on the
individual capture histories, we obtained confidence
intervals of total stopover duration in all cases. A
MATLAB (Anonymous 1992) program was written
that performed 10 000 iterations each time. A compiled
version named SODA is available (see Supplementary
Material).

APPLICATION TO DATA: EXAMPLES
The data

In order to illustrate the method we have developed,
and to demonstrate differences in estimates of stopover
duration compared with earlier approaches, a typical
data set originating from the study of bird migration
was chosen. In a river delta in southern Switzerland
(Bolle di Magadino 46°2’' N, 8°9’ E, 661 ha with ~37
ha covered by reeds, Phragmites australis), 486 m of
mist nets were set during the autumn migration periods
1994-1996 in the reed bed. Catches was performed
daily, with the same number of mist nets at fixed po-
sitions. All captured birds were aged (Jenni and Wink-
ler 1994), examined for molt intensity (<20 vs. >20
body feathers growing), marked with individual rings,
and released immediately thereafter. Retrapsweretreat-
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TABLE 1.
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Selection of the most parsimonious models for the stopover duration before capture

(immigration; models 1-3) and after capture (emigration; models 4—6) of the Reed Warbler.

Model np DEV AlC Tests between models

1) {v, 1} 25 495.22 545.22

2) {v, r} 14 505.00 533.00 Capture probability time dependent,
(1) vs. (2): x5, = 9.78, P = 0.55

3) {v, r} 2 545.72 549.72  Immigration probability time dependent,
(2) vs. (3): x3, = 40.72, P < 0.001

4) {d, p} 25 528.52 578.52

5) {d,, P} 14 543.38 571.38  Capture probability time dependent,
(4) vs. (5): x3, = 14.86, P = 0.19

6) {d, p} 2 552.82 556.82  Emigration probability time dependent,

(5) vs. (6): x3, = 9.44, P = 0.67

Notes: Notation is as follows: np, number of estimable parameters; DEV, relative deviance
given by SURGE; AIC, Akaike Information Criterion. Model notation follows Lebreton et al.
(1992). Boldface denotes the AIC values of the models finally selected.

ed in the same manner. We analyzed the data of all
three years together.

Two species were chosen, the Reed Warbler (Acro-
cephalus scirpaceus) and the Reed Bunting (Emberiza
schoeniclus), both inhabiting reed beds during the
breeding and migration season, and breeding over most
of Europe (Hagemeijer and Blair 1997). The Reed War-
bler is a nocturnal long-distance migrant (Glutz von
Blotzheim and Bauer 1991) that wintersin tropical Af-
rica. The Reed Bunting is a short-distance migrant that
generally migrates during the day over continental Eu-
rope. Most individualswinter in the Mediterranean area
or at coastal western Europe (Glutz von Blotzheim and
Bauer 1997). In order to exclude most individuals be-
longing to the local breeding population that might not
yet be on migration, we included all Reed Warblers
that were caught for the first time after 14 August and
all Reed Buntings caught after 13 September. Because
adult and first-year birds migrate during slightly dif-
ferent periods, we included only first-year birds. Fur-

25

20

15

10

Stopover duration (d)

5_

0
14 Aug

T I I T
29 Aug 13 Sep 28 Sep 13 Oct

Fic. 1. Mean total stopover duration (dots) and 95% con-
fidence intervals (vertical lines) of first-year, nonmolting
Reed Warblers present at different five-day periods during
autumn migration. Estimation of total stopover duration was
derived from a model with time-dependent immigration prob-
abilities and constant emigration probability (see Table 1).

thermore heavily molting Reed Warblers were exclud-
ed, because not all of them arelikely to be on migration.

Stopover duration of Reed Warblers

During 70 d of the autumn migration period, 567
Reed Warblers were caught. Of these, 90 were recap-
tured once, 17 twice, and one bird three times. After
pooling over five days, the number of capture occasions
was reduced to 14, and the number of retraps was re-
duced to 54 birds recaptured once and seven recaptured
twice. The goodness-of-fit tests for the most general
model (Cormack-Jolly-Seber-model) to the data set
containing 70 capture days (x5, = 102.9, P = 0.17) and
to the pooled data set containing 14 capture occasions
were not significant (x%;, = 32.7, P = 0.21). None of
the four subtests reveal ed significance, which indicated
that the model assumptions were reasonably met.

When modeling stopover duration before and after
capture, capture probability was constant throughout
the study period (Table 1). Theimmigration probability
was time dependent (model 2 in Table 1), whereas the
most parsimonious model for describing emigration
was constant in time (model 6 in Table 1). Therefore,
total stopover duration was time dependent (Fig. 1).
The 95% confidence intervals were quite wide and al-
most symmetrical.

Minimum stopover duration was calculated as the
difference in days between last and first capture plus
one, because Reed Warblers are night-migrating birds
and conceivably could have arrived (at the latest) the
night preceding initial capture and departed (at the ear-
liest) the night following last capture. Mean minimum
stopover duration derived from the nonpooled data set
was only approximately half aslong as mean total stop-
over duration (Table 2).

Stopover duration of Reed Buntings

Of 1712 Reed Buntings caught, 47 were recaptured
once, and two were recaptured twice, during 50 d of
the autumn migration period. In the data set pooled
over five days with 10 capture occasions, the number
of recaptures was 35 birds recaptured once and one
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TABLE 2.
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Different components of stopover duration (measured in days) estimated with the

new method, compared with minimum stopover duration as used in most earlier studies.

Reed Warbler Reed Bunting
Method Duration (d)t sp n Duration (d)T sp n
New method
Stopover duration beforecapturet  6.24 0.84 567 3.28 0.79 1712
Stopover duration after capture§  6.01 0.83 567 3.85 122 1712
Total stopover duration 12.25 1.67 567 7.13 2.00 1712
Minimum stopover duration 6.00 (2-34) 5.04 108 4.41 (1-23) 2.81 49

Note: For the sake of comparison, stopover durations estimated with the new method were
derived from the models with constant parameters { b, p} and {v, r} for both species.

T Main entries are mean values; numbers in parentheses indicate range.

¥ Variable Sb, estimated using an equation analogous to Eq. 2 for Sa. See the Appendix for

derivation.

§ Variable Sa from Eq. 2. See the Appendix for derivation.

bird twice. The goodness-of-fit test to the full data set
(50 capture occasions) was significant (x5, = 79.7, P
< 0.001). However, most of the deviation was due to
one component in the subtest 3SR. Without this com-
ponent, the overall test was not significant (x 33 = 51.0,
P = 0.19). Inthe pooled data set (10 capture occasions),
neither the overall goodness-of-fit test (x5 = 15.3, P
= 0.43) nor one of the four subtests was significant.
Because of the limited nature of the problem in the full
data set, and because the pooled data set had no similar
problem, we considered the Cormack-Jolly-Seber mod-
el as the starting point.

As seen with the Reed Warblers, the capture prob-
abilities for stopover duration before and after capture
were constant in time for Reed Buntings (Table 3). The
probability of immigration was also constant (model 3
in Table 3). Model selection for emigration was not
clear. Two models (models 5 and 6 in Table 3) had
almost the same AIC, and the likelihood ratio test was
only slightly significant (P = 0.047). The simpler mod-
el had 1.128 times better support than the more com-
plicated one, given the data (cal culated from the Akaike
weights; Burnham and Anderson 1998). We cal cul ated
total stopover duration for both models. If models 3
and 5 (Table 3) were used, total stopover duration was
higher at the beginning of the study (Fig. 2). The 95%

confidence intervals were very wide at beginning and
much narrower thereafter. Mean stopover duration de-
rived from models 3 and 6 (Table 3) was 7.13 d (ci,
4.00-11.73 d).

Minimum stopover duration was calculated as the
difference in days between last and first capture, be-
cause Reed Bunting are day-migrating birds and might
therefore have arrived just before initial capture and
might depart just after last capture. Mean minimum
stopover duration derived from the nonpooled data set
was 38% shorter than total stopover duration (Table 2).

DiscussioN
The new method to estimate stopover duration

Stopover duration estimates, as proposed by this new
method, are based onimmigration and emigration prob-
abilities. This requires that an area to and from which
the animals immigrate and emigrate has been defined.
The area that the animals cover by random movements
within five days (in our examples), while still having
the chance to be captured, isonly crudely defined, how-
ever. If the coverage with mist nets or other traps is
low, and the animals of consideration make nonrandom
movements before leaving the area for another migra-
tion bout, estimated stopover duration is likely to be

TaBLE 3. Selection of the most parsimonious models for the stopover duration before capture
(immigration; models 1-3) and after capture (emigration; models 4—6) of the Reed Bunting.

Model np DEV AlC Tests between models

1) {v, rd 17 374.60 408.60

2) {v, r} 10 382.65 402.65 Capture probability time-dependent,
(1) vs. (2): x3 = 8.05, P = 0.33

3) {v. r} 2 395.29 399.29 Immigration probability time-dependent,
(2) vs. (3): x3 = 12.64, P = 0.12

4) {dy, p} 17 360.58 394.58

5) {$, P} 10 367.96 387.96 Capture probability time-dependent,
(4) vs. (5): x3=7.38, P = 0.39

6) {d, p} 2 383.72 387.72 Emigration probability time-dependent,

(5) vs. (6): x3 = 15.76, P = 0.05

Notes: Notation is as follows: np, number of estimable parameters; DEV, relative deviance
given by SURGE; AIC, Akaike Information Criterion. Model notation follows Lebreton et al.
(1992). Boldface denotes the AIC values of the models finally selected.
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Fic. 2. Mean total stopover duration (dots) and 95% con-
fidence intervals (vertical lines) of first-year Reed Buntings
present at different five-day periods during autumn migration.
Estimation of total stopover duration was derived from amod-
el with constant immigration probability and time-dependent
emigration probabilities (see Table 2).

biased. The intensity and direction of the bias will de-
pend on the relationship between probability of re-
turning to the sampled area for those that were present
vs. absent during the period before (Kendall et al.
1997). In contrast to Reed Warblers, Reed Buntings are
known to move around alot at astopover place (Bastian
1992). This may explain the rather short stopover du-
ration estimated for this species; true stopover duration
might be longer. Therefore, stopover duration estimates
obtained in rather small and well-defined sites (e.g.,
habitat islands) with a high coverage of traps will be
more precise. If the siteislarge, the spatial distribution
of the traps should be widespread in order to reduce
the bias. The probability of movements within the stop-
over area can be estimated by multistate models (Nich-
ols and Kendall 1995), requiring the use of at least two
distinct trapping areas.

Pooling over capture occasions, as proposed for the
two examples, has both disadvantages and advantages.
It introduces a bias into the estimates that is a function
of the capture and immigration/emigration probabili-
ties, as well as depending on the degree of pooling
(Hargrove and Borland 1994). For our examples, the
biasin the immigration/emigration parameter estimates
is expected to be <1%, because the degree of pooling,
the daily capture probability, and the daily immigra-
tion/emigration probabilities were all rather low. Dual
advantages of pooling also exist. The number of pa-
rameters to be estimated is reduced; hence identifia-
bility problems are much less pronounced. Further-
more, the parameters are estimated with a higher pre-
cision. However, information regarding changes in the
parameters during the pooling interval is lost. It de-
pends on the emphasis of the study whether or not this
is a serious lack.

ESTIMATION OF STOPOVER DURATION
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Possible extensions of the new method

The proposed method has several possibilities of ex-
tension. First, it is possible to test whether different
groups of animals (e.g., age or sex classes, animalsin
different years, fat and lean birds, molting and non-
molting birds) differ in their immigration or emigration
behavior. These covariates can be included into the
model selection processes and tested as to whether they
influence stopover duration before and after capture
(Lebreton et al. 1992). However, in some cases, the
effect of such factors on total stopover duration cannot
be addressed. If, for instance, a factor increases stop-
over duration before capture, and decreases stopover
duration after capture, then one cannot be sure whether
the factor has an influence on total stopover duration.
Second, it can be investigated whether transients (an-
imals that stay one day only) are present (see Methods).
If there are transients at the stopover place, their pro-
portion can be estimated, and stopover duration of non-
transient birds thus calculated (Pradel et al. 1997a).
However, the proportion of transients should be esti-
mated from the nonpooled data set. Third, evidence of
possible trends of stopover duration with time can be
tested in the model selection procedure (Lebreton et
al. 1992).

The probability of immigration (1 — ) and emigra-
tion (1 — ¢) are each interesting on their own, pro-
viding insights into stopover ecology. For instance in
migrating birds, influences of weather on the decision
of landing and embarking could be addressed.

The examples and comparison with earlier methods

Although there were considerable differences in
mean total stopover duration between Reed Warblers
present at different times (range, 8.4-16.8 d), there
seemed to be no overall timetrend in stopover duration,
and mean total stopover duration was 12.3 d. Reasons
for the fluctuating stopover duration are unclear. It is
possible that weather conditions, the migration of dif-
ferent populations at different times, or differences be-
tween years caused this variation. Two models for the
determination of total stopover duration for Reed Bun-
tings were quite similar. However the model with the
highest support, given the data, was the constant-time
model. Indeed, the estimates at the beginning of the
migration season obtained from the time-dependent
model had very large confidence intervals. Stopover
duration estimates for the Reed Warbler at the begin-
ning of the study period are probably less reliable, be-
cause the most parsimonious model for stopover du-
ration before capture is time dependent. Because of this
dependence, the estimates at the beginning of the study
period are most strongly influenced by assumed values
as derived from Eq. 3. The contrary is true for the
stopover duration of the Reed Bunting, if the time-
dependent model for emigration is considered. Here,
because stopover duration after capture is time depen-
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dent, the estimates on total stopover duration at the end
of the study period are probably less reliable.

Total stopover duration estimated with this new
method was considerably longer than stopover dura-
tions obtained with earlier methods. Estimates of stop-
over durations that are based on Cormack-Jolly-Seber
types of models (e.g., Lavee et al. 1991, Holmgren et
al. 1993, Kaiser 1995, Pradel et al. 1997b) correctly
determine the time that birds spend at the stopover
place after they have been caught for the first time.
However, this is not total stopover duration, and the
assumption that birds that were captured for the first
time are new arrivals is unrealistic for most studies.
For example at the Bolle di Magadino site, the daily
capture probability (providing that the bird is at the
site) is ~5% for Reed Warblers and ~1% for Reed
Buntings, respectively. Hence, 95% of all Reed War-
blers and 99% of all Reed Buntings are not caught at
the arrival day.

The determination of stopover duration with the min-
imum stopover method (e.g., Cherry 1982) has several
weaknesses and can give wrong and misleading results.
All captured birds may be regarded as arandom sample
of birds stopping over at agiven site. Hence, inferences
about stopover duration must be based on all birds
caught, and not only on hirds that are caught at least
twice. Otherwise, the estimated minimum stopover du-
ration is an estimate only for those birds that are caught
at least twice. For those birds, this estimate is indeed
aminimum estimate, whereas this must not be the case
for the entire population. If the true stopover duration
of most hirds is rather low, but few birds stay a long
time and these birds are caught shortly after arrival and
before departure, the minimum stopover duration over-
estimates true stopover duration. Considering only
birds that were captured at least twice has often been
justified by the assumption that birds caught only once
are transients (e.g., Morris et al. 1994, Lyons and Haig
1995). But given the usually low capture probabilities
with mist nets, this assumption is rather unrealistic. For
example, if the daily capture probability is 5%, and all
birds stay 10 d, a simple binomial model predicts that
59.9% of all birds present will not be caught, 31.5%
will be caught once, and 8.6% more than once. Hence
78.5% of all captured birds are captured only once, but
are not transients. This effect is less severe if capture
probabilities are higher. Nevertheless, even if Reed
Warblers are tape lured, daily capture probability does
not exceed 25% (Schaub et al. 1999). For these reasons
and those given in the Introduction, minimum stopover
duration should not be used as an indication of stopover
duration of the whole population and for the compar-
ison of stopover behavior between groups. However
minimum stopover duration can be helpful when a pa-
rameter (e.g., body mass change) of individual birdsis
related to the time they stayed at the stopover place
(e.g., Lindstrom and Alerstam 1992, Schaub and Jenni
2000). Furthermore, it gives good resultsif the animals
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under consideration can be caught when entering and
leaving a site, e.g., for migrating fishes that enter and
leave alake by asingleriver (e.g., Berg and Berg 1989,
Shreffler et al. 1990).

The two main methods used thus far for estimating
stopover duration of small passerine birds generally
underestimate total stopover duration. They providere-
liable estimates only for special cases: for minimum
stopover duration, if capture probability is very high;
and for stopover duration after capture, if almost all
birds are captured at arrival. Hence, with few excep-
tions, conclusions thereof about migration strategies
are questionable and should be reconsidered.
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APPENDI X
Derivation of the expressions for stopover duration before (Sh) and after (Sa) capture may be found online in ESA’'s

Electronic Data Archive: Ecological Archives E082-008-A1.

SUPPLEMENTARY MATERIAL
A 10000-iteration compiled version of the MATLAB program SODA may be found online in ESA’'s Electronic Data

Archive: Ecological Archives E082-008-S1.
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Appendix. Derivation of formula 2.

When analyzing capture-recapture data, one gets estimates of probabilities of departure over discrete periods of time
as represented on the diagram below.

Here we derive a formula for the stopover duration after time tg. It depends not only on the discrete probabilities of
departure f ;, but also on the pattern of the instantaneous rate of departure within each interval. Without any additional
information, a reasonable assumption is that the instantaneous rate of departure m j is constant within each interval.
Then, departures during some interval follows a Poisson process and m ; = -In(f ;) (see for instance, Seber, 1982 p.3).
To calculate the stopover duration after time t of a bird present at time t, let us denote y the actual time of departure
and Y the associated random variable. Let i be the integer verifying tj_; £y < t;; this is always possible if t; can take
the value +¥. Then

Pr[stays to y] = Pr[stays to t;]xPr[stays from t; to t5] ..xPr[stays from tj_.; toy] = 1 fo ... f .1 exp(-mj (Y-tj.1)).
The cumulative distribution function of Y being F(y) = Pr[Y < y] = 1-Pr[stays to y], its probability density function is
fy)=Fy)=m;ifofy..fisexpl-m;(y-tiq))

and the mean time of residency is
Sa = E[Y]= | yf ()dy
0

The following two lemmas, which are easily established, will be useful to calculate the integral above:
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To go further, an assumption is required about the pattern of departure beyond the study period. We opted for a
constant instantaneous rate of departure m ., and derived it from a weighted gliding average of the last three

estimable f 's according to the formula

@1—2 + 2'Qi;q—l +4¢n
T

ﬂﬁl =

With m 41 = -In(f ,41), the stopover duration after time ty can now be calculated. Finally, we have
n -1
=2 114, |04 H¢
7=l 7=l .vun+1
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