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Abstract The true distribution of migrant species is rarely immediately apparent
from the distribution of ring recoveries due to a heavy bias in regional recovery
probabilities. For western Palearctic species, the recovery probability is especially
low in Africa, but also varies within Europe. However, little work has been done
to derive actual estimates of these recovery probabilities needed to infer the “true”
underlying distribution. Here, we investigate the potential of using ringing data to
estimate the seasonal distribution densities of migrant species. Using likelihoods
based on a two point mixture distribution, the proportions of individuals wintering
south of the Sahara are estimated using differences in recovery distributions among
species in species groups where the location-specific probability of a ring recovery
can be assumed to be essentially the same among species. We consider two such
approaches. In the first, survival associated with a wintering area must be set con-
stant across species. In the second, we assume the time series is long enough that
a single binary response (recovered/not recovered) may be modeled independently
of survival parameters. Under the first approach, we estimated the proportion of
sub-Saharan migrants, together with 95% profile likelihood confidence intervals,
for redstart as 0.84 [0.70,0.93], thrush nightingale 1.00 [0.49,1.00], garden warbler
0.95 [0.85;0.99], blackcap 0.60 [0.32;0.78], reed warbler 0.87 [0.72,0.95], and pied
flycatcher 0.90 [0.76;0.97] using recovery data for birds ringed in Denmark and
assuming that all robins winter north of Sahara. In the second approach, estimated
proportions of sub-Saharan migrants were similar, but the confidence intervals were
somewhat narrower. Although further work is required to examine the underlying
assumptions, the models and analyses presented here provide a framework for mak-
ing better use of existing ring recovery datasets to understand the “true” seasonal
distribution patterns of European birds.
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1 Introduction

Birds are among the most mobile of all terrestrial organisms, and a few species travel
up to more than 20 000 km annually between separate breeding and wintering areas.
The task of defining the seasonal distribution of migratory species is considerably
more complicated than for sedentary species. The recent demand for such data to
assess risk of spread of diseases such as avian influenza (Delany et al. 2006) or
effects of accelerating climate change on species of conservation concern (Walther
et al. 2004) has created an urgent need to improve our ability to estimate the seasonal
distribution and connectivity of migratory species.

From direct observations of birds in the field, we have acquired a general knowl-
edge about seasonal species distributions (e.g. Cramp 1988). While different mod-
eling approaches have been used to help explain variation in these observations
(e.g. using climate variables, Walther et al. 2004), such approaches tell us little
about the connectivity between populations and areas (Webster et al. 2002). While
sophisticated approaches for tracking birds over long distances have been proposed
using radio telemetry (Wikelski et al. 2007), these are not yet practical for most
small passerines. As such, the most suitable available data bases for identifying
connectivity are generally those based on ring recoveries. In Europe, very large
ring recovery data bases exist. In Denmark alone, more than 4 million birds have
been ringed and more than 180 000 of these have been recovered (Bønløkke et al.
2006). However, most analyses of these data to date have been qualitative or semi-
quantitative (e.g. Zink 1973–1985, Zink and Bairlein 1995).

One obstacle to using such data for inference is the fact that spatial distributions
of recoveries may provide biased estimates of the spatial distribution of birds due
to differences in the regional recovery probabilities (Crissey 1955; Perdeck 1977).
For western Palearctic bird migrants, the recovery probability is especially low in
Africa, but it is also low in East Europe compared to West Europe. Because of
difficulties in addressing spatial variation in recovery and survival probabilities,
most analyses of ring recoveries from a larger spatial scale have not attempted any
quantitative analysis and only presented the raw data for inferences on seasonal
distributions (Bakken et al. 2003; Bønløkke et al. 2006; Fransson and Pettersson
2001; Wernham et al. 2002; Fig. 1; though see e.g. Kania 1981).

A number of studies have investigated movements using multi-site (or multi-
state) capture-recapture methods. However, this modeling approach has seen only a
few applications for estimating species densities/distributions. A few single-species
studies have estimated seasonal distributions. For example, Sibert et al. (1999)
used an advection-diffusion model to investigate skipjack tuna movement. Simi-
larly, Skalski et al. (2002) estimated route-specific passage of smolt, in a framework
similar to the migration system considered here. However, they used radio telemetry
and the robust design (Pollock 1982; Kendall et al. 1995) at certain points to estimate
detectability.

Ideally, we would like to model both the spatio-temporal distribution of recover-
ies as well as variation in survival probabilities for each population and age class.
Apart from a general lack of extensive data sets necessary to estimate these many
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Fig. 1 Typical presentation of ring recovery data in national recovery atlases. Here garden warblers
ringed in Denmark (from Bønløkke et al. 2006)

parameters, there is a general problem of parameter identifiability for such move-
ment models. For example, Kendall et al. (2006) found that parameters are only
identifiable if the number of “marking” areas with slightly different migration prob-
abilities is greater or equal to the number of “recovery” areas.

Here, we present an approach for using ringing data to estimate the relative
seasonal distribution (in winter) of migrant species based on a few simplifying
assumptions. The rationale of this approach was already proposed by Busse and
Kania (1977) and Kania and Busse (1987), who considered dividing the birds (of
one species) into different groups. However, their model formulation only allowed
for point estimation of parameters and thus statistical inference could not be based
on their method.

The main focus will be estimating the species-specific proportions of songbirds
wintering south of Sahara. In general, too little information is available in standard
ringing data to separate survival, recovery and movement probabilities. However,
standard ringing data generally includes many species, and the differences among
species can provide the information necessary for estimating these parameters, if
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certain parameters such as survival and region-specific recovery probabilities can
be treated as constant across species. In effect, this approach suffices to increase the
number of “marking” areas (e.g., Kendall et al. 2006). We consider two methods for
analyzing spatial ring recovery data. In the first, survival and ring recovery proba-
bilities are assumed to be equal among species, but ring recovery probabilities are
allowed to differ among regions. This approach utilizes traditional release-recovery
arrays (e.g., Brownie et al. 1985). In the second method, the time series of recovery
data are assumed to be long enough that survival is effectively zero (e.g., by censor-
ing the last 15 years of ringing data), and only a binary response is modeled (recov-
ered/not recovered). This second method requires that one throw out some of the
data, but does not require the assumption that survival is equal among species. How-
ever, life-long ring reporting probabilities are still assumed to be constant across
species within a region. Relaxation of the equal survival assumption in the second
method will do little to alleviate bias if the reporting probabilities r differ between
species. Because of the way in which r is defined, this can occur when sources of
mortality within a region differ between species if each mortality source is associ-
ated with a different reporting rate. For both approaches, we restricted the species
group considered to species where the variation among species in both survival and
recovery probabilities are likely to be of smaller magnitude than the variation in
recovery probabilities among regions.

2 Methods

We developed likelihoods based on a two point mixture distribution to estimate
wintering distributions of songbirds. We assumed that individuals were ringed in
the summer in Europe, and that the probability of capture for marking does not
depend upon migration destination or individual attributes likely to affect survival
or recovery probability. For simplicity, we consider the case where there are two
wintering areas (A and B), and where interest focuses on estimating the proportion
of birds that migrate to each area. We assume that an individual bird follows only
one migration route; that is, an individual would not migrate to area A in one year
and area B the next. As articulated in the introduction, we considered two possibili-
ties for model construction.

2.1 Likelihood 1: Survival and Recovery Probabilities Constant
Across Species

If we assume that survival is constant across species that use similar migration
routes, we can specify a multinomial model for the spatial and temporal distribution
of ring recoveries (Table 1). The parameters of the model include �A

gi , the probability
that an individual of group g, initially ringed in year i , is a migrant to wintering
area A; S A

i and SB
i , the probability of annual survival from the time of ringing in
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Table 1 Multinomial structure for the analysis of summer ringing and winter recovery data when
migration occurs in the spring and fall and when individuals do not change migration route. A
symbolic data description is provided in (A), where Rgi gives the number of individuals of group
g that were ringed in year i , and mc

gi j gives the number of individuals recovered in wintering area
c in year j , given that they were initially ringed as a member of group g in year i . Multinomial
cell probabilities for each type of encounter are provided in (B). Remaining notation is defined in
the text
A. Symbolic data description

Year of Number
release Group released Strata recovered Year of recovery

1 2 3

1 1 R11 A m A
111 m A

112 m A
113

1 B m B
111 m B

112 m B
113

2 1 R12 A m A
122 m A

123

1 B m B
122 m B

123

3 1 R13 A m A
133

1 B m B
133

1 2 R21 A m A
211 m A

212 m A
213

2 B m B
211 m B

212 m B
213

2 2 R22 A m A
222 m A

223

2 B m B
222 m B

223

3 2 R23 A m A
233

2 B m B
233

B. Multinomial cell probabilities

Year of release Group
Strata
recovered Year of recovery

1 2 3

1 1 A �A
11 f A

1 �A
11 S A

1 f A
2 �A

11S A
1 S A

2 f A
3

1 B (1 − �A
11) f B

1 (1 − �A
11)S B

1 f B
2 (1 − �A

11)S B
1 S B

2 f B
3

2 1 A �A
12 f A

2 �A
12S A

2 f A
3

1 B (1 − �A
12) f B

2 (1 − �A
12)S B

2 f B
3

3 1 A �A
13 f A

3

1 B (1 − �A
13) f B

3

1 2 A �A
21 f A

1 �A
21 S A

1 f A
2 �A

21S A
1 S A

2 f A
3

2 B (1 − �A
21) f B

1 (1 − �A
21)S B

1 f B
2 (1 − �A

21)S B
1 S B

2 f B
3

2 2 A �A
22 f A

2 �A
22S A

2 f A
3

2 B (1 − �A
22) f B

2 (1 − �A
22)S B

2 f B
3

3 2 A �A
23 f A

3

2 B (1 − �A
23) f B

3
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year i for those birds migrating to wintering area A and B, respectively; and f A
i

and f B
i , the probabilities that individual migrants to areas A and B are recovered

in (i, i + 1), given that they are alive at time i . Groups in this case can include
members of different species or different banding locations if only one species is
under consideration. Whatever groups are considered, it is assumed that survival
and recovery probabilities are the same for different groups.

Analytical and analytic-numeric (Burnham et al. 1987) methods were used to
explore parameter identifiability with this model. As was found by Kendall et al.
(2006) in the case of stochastic transitions to wintering areas, an argument based on
the number of equations and number of unknowns suggested that parameters would
only be identifiable if the number of groups (banding locations, number of species)
were greater or equal to the number of wintering locations. Further, the proportion of
individuals migrating to different wintering areas needs to differ among the groups
under consideration; as a result, partitioning data from one species and banding
location into two subsets will not remedy the parameter identifiability problem.

2.2 Likelihood 2: Long Term Survival Assumed to Be Zero

Eventually, all birds ringed will die. If ringing records are censored for a long
enough duration at the end of the study (but recovery records are still compiled), one
may eliminate one of the assumptions required by Model 1 by setting S A

∗ = SB
∗ = 0,

where S∗ is survival to the end of the study. Under this approach, each ringing event
is accompanied by a binary response variable which equals 1 if the individual’s ring
is recovered later and 0 if not. Under this approach, we ignore temporal variation in
ring recovery probabilities, and write a likelihood for ringing and recovery data as

L =
T∏

i=1

∏

g

(
Rgi

m A
gi , m B

gi

) [
�gi r

A
]m A

gi
[
(1 − �gi )r B

]mB
gi

[
1 − �gir

A − (1 − �gi )r
B
]Rgi−m A

gi −mB
gi ,

where r A and r B give time constant ring reporting probabilities for wintering areas
A and B in the sense of Seber (1982), Rgi gives the number of individuals ringed
and released in group g at time i, m A

gi and m B
gi give the number of these individuals

later recovered in wintering areas A and B, respectively, and T gives the number of
years that ringing data are modeled. Requirements for parameter identification are
similar in this approach as they were with Likelihood 1.

2.3 Example Analyses

We coded the preceding likelihoods into program SURVIV (White 1983) to estimate
species-specific differences in the proportions of birds wintering in Europe/North
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Africa and in sub-Saharan Africa, respectively, for 7 species of songbirds. We
analyzed data on redstart Phoenicurus phoenicurus, thrush nightingale Luscinia
luscinia, European robin Erithacus rubecula, reed warbler Acrocephalus scir-
paceus, garden warbler Sylvia borin, blackcap Sylvia atricapilla and pied flycatcher
Ficedula hypoleuca ringed in Denmark 1899–2002. These are all small passerines
passing Denmark on migration in reasonable numbers. For these species, annual
numbers ringed are known as well as detailed data on recoveries. For this analysis,
only birds recovered dead were included. For the species included, live recaptures
are rare and their associated probabilities are probably even more heterogeneous and
have more complicated spatial and temporal variation than that for dead recoveries,
as they depend on the distribution of ringers. For the species considered, most of
the birds ringed are young birds but due to the low number of recoveries for several
of the species, we pooled all age classes together.

All birds were considered to have been ringed in summer of year 0, as data
sparseness precluded investigation of models with temporal variation in model
parameters. The birds were primarily ringed in the migration seasons (spring and
autumn), and very few were ringed in the winter (European robin only). The win-
tering period was defined for all species as December-February,, and no recoveries
outside this season were included. For simplicity, we only modeled recoveries for a
period of five years after ringing.

Reed warbler Redstart Thrush nightingale 

Blackcap Garden warbler Pied flycatcher European robin 

Fig. 2 Spatial distribution of ring recoveries of 7 species ringed in Denmark and recovered in
winter (December–February)
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Each recovery was either in Europe/North Africa or sub-Saharan Africa (Fig. 2).
Due to data sparseness, we set mixture, survival, and recovery probabilities con-
stant over time, and constrained survival to be independent of wintering area. There
were only four recoveries in sub-Saharan Africa, which rendered parameters non-
estimable if mixture parameters were included for all species. Thus, we also set the
probability of migration to sub-Saharan Africa to zero for the European robin (which
does not occur in sub-Saharan Africa; Keith et al. 1992), allowing estimation of
mixture parameters for other species. For each likelihood formulation, two models
were fit to the data. In the first, recovery probabilities were allowed to differ between
Europe/North Africa and sub-Saharan Africa. In the second, recovery probability
was set equal between the two wintering areas.

3 Results

Under likelihood 1, the model with differences in recovery probability between
Europe/North Africa and sub-Saharan Africa was strongly favored by AICc

(�AICc = 150.8 relative to the model with a constant recovery probability; see
Burnham and Anderson 2002). Under this model, the estimated ring recovery
probability for Europe/North Africa was 4.6E-04, with a 95% profile likelihood
interval of [4.1E-04; 5.2E-04] and that in sub-Saharan Africa 1.1E-05 [4.4E-06;
2.6E-05], thus around 40 times lower in sub-Saharan Africa. The common estimate
of annual survival probability was 0.34 [0.30; 0.38]. Estimated probabilities of
migrating to sub-Saharan Africa ranged from 0.60 in the blackcap to 1.0 in thrush
nightingale (Table 2). These estimates can be compared with each species’ actual
recoveries from either region (Table 2 and Fig. 2).

Model selection criterion was similarly dismissive of the model with constant
recovery probability when likelihood 2 was employed (�AICc = 178.6). In this case,
the estimated cumulative probability of a ring being reported over the lifetime of
an individual was 1.4E-03 (95% profile CI: 1.3E-03, 1.6E-03) for birds wintering

Table 2 Numbers ringed (R) and recovered in Europe and North Africa (m A) and sub-Saharan
Africa (m B ) and estimated proportion of the population migrating to sub-Saharan Africa in autumn
for likelihoods 1 and 2 in autumn (�B

1 and �B
2 , respectively). Also presented are 95% profile confi-

dence intervals
Species R m A m B �B

1 (95% CI) �B
2 (95% CI)

Redstart 66,387 7 0 0.84 (0.70–0.93) 0.86 (0.75–0.94)
Thrush nightingale 3,831 0 1 1.00 (0.49–1.00) 1.00 (0.63–1.00)
European robin 334,406 261 0 0.00† 0.00†
Garden warbler 57,057 2 2 0.95 (0.85–0.99) 0.96 (0.88–0.99)
Blackcap 44,155 12 0 0.60 (0.32–0.78) 0.63 (0.38–0.80)
Reed warbler 55,710 5 1 0.87 (0.72–0.95) 0.88 (0.75–0.96)
Pied flycatcher 57,384 4 0 0.90 (0.76–0.97) 0.93 (0.83–0.98)

† Fixed to zero for parameter estimability.
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in Europe and North Africa, and 2.8E-05 (95% profile CI: 0.9E-05, 6.4E-05) for
birds wintering in sub-Saharan Africa. Estimated probabilities of wintering in sub-
Saharan Africa were similar to those from likelihood 1 (Table 2).

4 Discussion

The estimates of recovery probabilities and movement probabilities were obtained
using standard ringing data with only limited trapping information. Only numbers
of birds ringed each year are known. This is a common limitation for many of the
ringing data bases in Europe, in that full information has only been computerized
for birds recovered later in standard ringing data, but annual ringing totals for each
species can generally be obtained with reasonable effort. The two approaches pro-
duced similar estimated movement probabilities that are in general similar to what
one would expect based on biology of the species, and, despite the wide confidence
limits, useful as quantitative estimates. For all species included, we estimated that
the majority of individuals wintered in sub-Saharan Africa. These species are known
to winter in large numbers in sub-Saharan Africa and they are comparatively rare in
Europe in winter (Cramp 1988, 1992).

The rather strong assumptions made here are of course likely to bias the param-
eter estimates. Assuming equal survival probabilities, finding and reporting, and
recovery probabilities among species and within regions are clearly not realistic.
For example, mortality is not likely to be equal among short- and long-distance
migrants. However, the variation in these parameters is likely to be on a smaller
scale than the variation in the estimated parameters. The small differences between
the parameter estimates under the two approaches provides some indication that our
assumption about equal survival probabilities across species is not seriously vio-
lated. However, a full scale sensitivity analysis would likely be needed to confirm
this assertion. Larger differences in parameter estimates between the two approaches
are likely to arise if using less similar species.

Several possibilities exist to improve the estimates. First of all, the data set could
be extended to include data from more countries, as these should be readily avail-
able, e.g. through the EURING data bank (http://www.euring.org/edb/). Another
reasonable extension would be to include more species (e.g. wildfowl to assess
spread of avian influenza). In that case, it would be necessary to model differences
among species in survival and regional recovery probabilities. As long as these could
be considered constant within groups this should still be possible. Alternatively, they
could be modeled as relative differences, i.e. the recovery probability at site B could
be constrained to be a constant proportion of the probability at site A. Estimates of
the regional recovery probabilities could be further improved by using the seasonal
changes in distribution for each species, since constant recovery probability within
regions through seasons is probably a reasonable assumption. This does, however,
cause some trouble due to the fact that many ringing schemes have not computerized
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detailed ringing information. Sensitivity to this can be modeled, but hopefully our
approach may give some additional incentive for ringing organizations to digitize
historical ringing records.

Extending the data set to include more species and more fine-scaled regions (and
even time-specific probabilities from 100 years of ringing) raises the question of
how to deal with high dimensional parameter sets. A custom-made framework is
probably necessary for this type of analysis since complicated models are not easily
accommodated in SURVIV.

The parameter estimates presented here were conditional on highly constrained
models and few recoveries. As such, they are certainly not definitive. However, the
analysis should serve as a template for how this framework could be extended to
analyze larger, richer datasets. Even basic science may benefit from quantitative
distribution maps, where previous studies on e.g. the migratory orientation program
have used qualitative patterns only (Mouritsen 1998; Thorup and Rahbek 2004).
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