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European Turtle Doves Streptopelia turtur have experienced a sharp decline in population
numbers over past decades. Much uncertainty exists about the main cause or causes. Sev-
eral pressures have been suggested, but because they affect different stages of the life cycle
of the Turtle Dove, it is difficult to compare their contributions to the population decline.
Here we applied a full life cycle approach to study how different pressures may have
resulted in the decline. This was achieved by combining a review of existing literature on
possible threats, pressures and the vital rates they concerned, with the analysis of an age-
structured matrix model. The population model was parameterized using estimates from a
mark–recapture analysis and supplemented with vital rate estimates from the literature.
Comparison with a Life Table Response Experiment (LTRE) was used to determine
whether the Turtle Dove literature focuses on those vital rates in which the most important
changes have taken place over time. The population model projected a similar decline to
that observed in population counts. The LTRE analysis showed that declines in the number
of clutches (halved since the 1960s) and in juvenile survival (relative annual rate of change
of –1.33% since the 1950s) contributed most to the decline in the projected population
growth rate. Although these vital rates are often reported as possible causes of population
decline, the reviewed studies often focused on specific reproductive stages, such as egg sur-
vival or nestling survival, which did not show a large temporal change. Thus, there is a par-
tial mismatch between our modelling results and the focus in the literature. Juvenile
survival is thought to be affected by hunting, degradation of wintering habitat and infection
with Trichomonas gallinae, and loss of foraging habitat seems to affect the number of
clutches. The focus of conservation measures should therefore be on these threats and pres-
sures. The first steps have already been taken with the completion of the international sin-
gle species action plan for the conservation of the Turtle Dove and the implementation of
the first conservation measures on the breeding grounds.

Keywords: causes of decline, Life Table Response Experiment, literature review, population
dynamics.

During past decades, the number of European
Turtle Doves Streptopelia turtur (henceforth,

‘Turtle Dove’) has declined steeply in large parts
of Europe. The European population has declined
by almost 80% since 1980 (Fig. 1) and the species
is now classified as vulnerable on the European
Red List of Birds (BirdLife International 2019).
The largest declines have occurred in Northern
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and Western Europe. For example, in the UK,
populations have undergone a decline of 97%
between 1967 and 2015 (Robinson et al. 2016),
and in the Netherlands there has been a decline of
more than 90% between 1984 and 2015, and this
has been more severe in the last 10 years (van
Turnhout 2018). The situation in eastern and
southern Europe is less extreme. However, there
has been a 37% decline (between 1996 and 2018)
in Spain, and a 54% decline (between 1998 and
2015) in Austria (Robinson et al. 2016, Fisher
et al. 2018, Moreno-Zarate et al. 2020). Popula-
tions have also declined in Asia (BirdLife Interna-
tional 2018). Despite the ubiquity of population
decline, the causes remain uncertain. Several fac-
tors have been suggested, but because pressures
affect different stages of the Turtle Dove life cycle,
it is difficult to estimate their relative contribution
to the overall decline.

Anthropogenic pressures such as agricultural
intensification are known to have a negative influ-
ence on farmland bird species (Newton 2004,
Donald et al. 2006, Vickery et al. 2014, Bowler
et al. 2019). There are indications that agricultural
intensification results in deterioration of Turtle
Dove foraging and nesting habitat in the breeding
season, leading to population decline (Fisher et al.

2018). Other factors that have been proposed
include agricultural intensification in Africa, which
might cause deterioration of wintering ground
habitats, but also excessive hunting (Boutin & Lutz
2007, Zwarts & van Horssen 2009, Lormée et al.
2019) and negative impacts of an infection with
the avian disease vector Trichomonas gallinae (Len-
non et al. 2013, Stockdale et al. 2015).

These pressures affect multiple demographic
parameters related to breeding performance and
survival throughout the life cycle. However, as
Turtle Doves are long-distance migrants, different
life cycle stages are associated with different
regions along their migration route. Although pres-
sures can affect more than one life cycle stage,
they are often linked to a particular life cycle stage
and hence geographical region. So far, most studies
of Turtle Doves have not been based on a life
cycle approach but have instead focused on single
pressures and selected life cycle stages (Browne
et al. 2005, Eraud et al. 2009), thereby perhaps
disregarding important pressures affecting other
life cycle stages.

By examining the entire life cycle of Turtle
Doves in north-western Europe and the elasticity
of their population dynamics to changes in life
cycle stages resulting from different pressures, we
aim to better understand the main drivers of popu-
lation decline. We approach this challenge by (1)
reviewing existing literature on pressures and
future threats thought to be important for Turtle
Doves, (2) reviewing which vital rates (e.g. sur-
vival, breeding probability, clutch size and number
of broods) are implied to be involved in the popu-
lation decline, (3) analysing demographic data for
the Dutch population, particularly to estimate
adult survival using long-term ring-recovery data,
and (4) combining the vital rate estimates to con-
struct and parameterize a population model. By
subsequently determining the elasticity of the pro-
jected population growth rate to relative changes
in the vital rates, we can estimate the contribu-
tions of changes in vital rates caused by different
pressures to the changes in population growth rate
with a Life Table Response Experiment. Based on
these results we discuss whether the current focus
of Turtle Dove research is well fitted to the most
influential factors. This life cycle approach allows
us to assess the extent of the hypothesized effects
of nesting and foraging habitat loss in the major
declines of Turtle Dove populations by quantifying

Figure 1. Yearly Pan European trend of Turtle Doves for
1980–2017 relative to 1990, produced by the Pan European
Common Breeding Bird Monitoring Scheme (2020). The Euro-
pean trend also includes the Netherlands. Separately shown is
the trend of Dutch Turtle Doves for 1990–2018 relative to
1990, produced by Sovon (2020). Dots represent yearly
indices, and lines and shaded areas the smoothed trend
curves with confidence interval, respectively.
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the role of associated demographic parameters in
the population decline.

METHODS

Study species

The Turtle Dove is a small migratory pigeon
(Columbidae) species whose breeding range
includes Europe, Asia and North Africa. The Euro-
pean breeding range stretches from Portugal in the
west to the Urals in the east. The northern limit is
reached in northern England, through Denmark to
the Russian Federation around 63°00N latitude.
The largest breeding populations are found in
Mediterranean countries (Fisher et al. 2018). In
2015, the total number of breeding pairs was esti-
mated at 3 150 000 to 5 940 000 (Birdlife Inter-
national 2019). Ringing data indicate the use of
western, central and eastern migratory flyways in
Europe, depending on the breeding area of the
Doves (Marx et al. 2016). The wintering grounds
for the western European birds are in the Sahel
zone, extending across Senegal, Gambia, Mali,
Cameroon and Nigeria. Here, large flocks of Turtle
Doves have been known to occur, often feeding
on sunflower and rice fields (Cramp 1985, Browne
& Aebischer 2005). Autumn migration usually
starts at the end of July, reaching its peak before
the beginning of September (Cramp 1985, Fisher
et al. 2018). The distance covered during the
migration from western Europe to the Sahel zone
in Africa can be up to 4000 km. Along the west-
ern migration route, stopover sites in south-
western France and the Iberian Peninsula are used
to recover and refuel. Turtle Doves will also use
staging sites after crossing the Sahara, where they
will stay several weeks (Eraud et al. 2013, Lormée
et al. 2016, Marx et al. 2016, 2020, Fisher et al.
2018). Spring migration usually reaches its peak in
April (Cramp 1985, Browne & Aebischer 2005).

Literature review

A literature review was performed to determine
what existing pressures or future threats might
contribute to the rapid decline of the Turtle Dove,
and how these pressures might have changed over
past decades. In particular, we searched for evi-
dence on how these factors impact different vital
rates and life cycle stages. Google Scholar, Web of
Science and ResearchGate were searched using

the keywords ‘Turtle Dove’ and ‘Streptopelia turtur’
in combination with the keywords ‘survival’,
‘hunting’, ‘wintering’, ‘migration’ and ‘Trichomonas
gallinae’. We also screened and used papers cited
in this initial set. Papers could contain new data,
review old data or both.

Vital rate estimates to parameterize the
population model

From the papers found in the literature review, a
range of values for different vital rates was
obtained (Table 1). We then used these vital rate
values to construct an age-structured matrix popu-
lation model (Caswell 2001). To arrive at a model
that mirrored the current situation in the Nether-
lands, parameter values were used that represented
the current population trend, breeding habitat and
pressures experienced by Turtle Doves breeding in
the Netherlands. Values used for the number of
clutches, nest survival, clutch size, egg survival and
nestling survival were collected by Bijlsma (1985)
for a Dutch population, and values for juvenile
survival (the survival in the first year of life after
fledging) were obtained from a British study per-
formed by Murton (1968).

Estimates of adult survival rates for Turtle
Doves breeding in the Netherlands were not read-
ily available from the literature. Adult survival was
therefore estimated from ringing and dead-
recovery data collected between 1930 and 2017 in
the Netherlands. These data can be divided into
birds ringed as adults and birds ringed as juveniles
(i.e. either as nestlings or fledged first calendar-
year birds). Because juvenile survival was esti-
mated using ringing data from both pulli and
fledged first-calendar-year birds and resulted in an
estimate outside of the range of values found in
the literature, juvenile survival values estimated
from the ringing and dead-recovery data were not
used in population modelling.

Since 1911, ringing, recapture and recovery data
for Turtle Doves in the Netherlands have been col-
lected by the Dutch Centre for Avian Migration
and Demography. Between 1930 and 2017, 2105
juvenile and 1729 adult Turtle Doves have been
ringed in the Netherlands (Appendix Fig. A1). Of
these, 101 birds have been recaptured, 16 of which
were ringed as juveniles and 85 as adults
(Appendix Fig. A2), and 116 have been recovered
dead, 60 of which were ringed as juveniles and 56
as adults (Appendix Fig. A3).
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Survival was estimated using a Seber dead-
recovery model with S and r parameterization,
using R version 3.5.0 (R Core Team 2018) and the
package RMark (Laake 2013). Here, S is defined as
the probability of the individual surviving the year,
and r is defined as the probability that dead marked
animals are reported each year. In contrast to a
Brownie parameterization (Brownie et al. 1985),
death is not necessarily related to harvest (Seber
1970), allowing the encounter process to be sepa-
rated from the survival process. Recaptures of live
animals are excluded from the analysis. For use in
the population model, annual survival was esti-
mated over the entire time period 1930–2017. For
the most general model, an age structure was used
within the birds ringed as juveniles to create a dis-
tinction between juvenile and adult survival and
recovery probabilities (~ageclass). Recovery proba-
bilities were fitted to be fully time-dependent
(~time, i.e. with estimates for every year) or with a
continuous trend (~Time, i.e. a slope with respect
to years) (Appendix Table A1). Factors in the gen-
eral model were reduced to test various nested
models. The best models were selected based on

QAICc values (Appendix Table A2), after adjust-
ing for overdispersion. Overdispersion was esti-
mated using the bootstrapped goodness of fit test
within Program MARK (White & Burnham 1999).
Model averaging was then used to obtain a parame-
ter estimate for adult survival that takes model
selection uncertainty into account.

Because it was not possible to calculate full
time-dependency of survival and reporting esti-
mates for the entire time period, a new model was
built that estimated annual survival for time peri-
ods of 10, 20 and 30 years to give an indication of
the change in survival since 1930. When using
time periods of 10 years, annual survival was esti-
mated between 1930 and 1939, 1940 and 1949,
1950 and 1959, 1960 and 1969, 1970 and 1979,
1980 and 1989, 1990 and 1999, 2000 and 2009,
and 2010 and 2017. For time periods of 20 years,
annual survival was estimated between 1930 and
1949, 1950 and 1969, 1970 and 1989, 1990 and
2009, and 2010 and 2017. Lastly, annual survival
was estimated for time periods of 30 years,
between 1930 and 1959, 1960 and 1989, and
1990 and 2017. The most general version of this

Table 1. Parameter values used in the constructed population model (column 2) and the range of vital rate values found in the litera-
ture for the north-western European population (column 3).

Parameter Population model (λ = 0.953) Range found in literature References

Adult survival (Sa) 0.661
Dutch ring–recovery
data 1930–2017

0.5 (1952–64, UK)
0.623 (1962–78, UK)
0.525 (1979–95, UK)

Murton (1968)
Siriwardena et al. (2000a)
Siriwardena et al. (2000a)

Juvenile survival (Sf) 0.36
Murton (1968)

0.36 (1952–64, UK)
0.222 (1962–78, UK)
0.185 (1979–95, UK)

Murton (1968)
Siriwardena et al. (2000a)
Siriwardena et al. (2000a)

Breeding probability (P) 1 –
Number of clutches (NC) 2

Bijlsma (1985)
2.9 (1960–62, 1968, UK)
2 (1977–81, NL)
1.6 (1998–2000, UK)

Murton (1968)
Bijlsma (1985)
Browne and Aebisher (2004)

Nest survival (Snest) 0.46
Bijlsma (1985)

0.38 (1960–62, 1968, UK)
0.46 (1977–81, NL)
0.34 (1998–2000, UK)

Murton (1968)
Bijlsma (1985)
Browne and Aebisher (2004)

Clutch size (CS) 1.92
Bijlsma (1985)

1.91 (1960–62, 1968, UK)
2 (1962–78, UK)
1.92 (1972–81, NL)
1.98 (1979–95, UK)
1.9 (1998–2000, UK)

Murton (1968)
Siriwardena et al. (2000b)
Bijlsma (1985)
Siriwardena et al. (2000b)
Browne and Aebisher (2004)

Egg survival (Segg) 0.56
Bijlsma (1985)

0.46 (1960–62, 1960, UK)
0.56 (1977–81, NL)
0.53 (1998–2000, UK)

Murton (1968)
Bijlsma (1985)
Browne and Aebisher (2004)

Nestling survival (Snestling) 0.82
Bijlsma (1985)

0.82 (1960–62, 1968, UK)
0.82 (1977–81, NL)
0.65 (1999–2000, UK)

Murton (1968)
Bijlsma (1985)
Browne and Aebischer (2004)
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model was fitted with two groups: birds ringed as
juveniles and birds ringed as adults (~ringed). An
age structure was used to create a distinction
between juvenile and adult survival and recovery
probabilities (~ageclass). Both survival and recov-
ery probabilities were fitted to be fully time-
dependent (~time, i.e. with estimates for every
time period) or with a continuous trend (~Time,
i.e. a slope with respect to years)
(Appendix Table A3). Factors in the general
model were reduced to test various nested models.
After adjusting for overdispersion, the best models
were selected based on QAICc values
(Appendix Tables A4–A6).

The estimated annual adult survival between
1930 and 2017 was then used in the constructed
population model. Annual juvenile survival
between 1930 and 2017 was estimated using ring-
ing data from both pulli and fledged first calendar-
year birds and resulted in an estimate far outside
the range of values found for juvenile survival in
the literature. This was probably because to obtain
a sufficient sample size, it was necessary to include
first-calendar year birds that were ringed after the
high-mortality phases before and after fledging.
The estimated juvenile survival rate can, however,
still be used to give an indication of the temporal
trend in survival since 1930. In the constructed
population model, we instead used a juvenile sur-
vival estimate taken from Murton (1968).

Population model structure

An age-structured matrix model (Caswell 2001)
was constructed in R (R Core Team 2018) using
vital rate values derived from the literature and
capture–mark–recovery data (Table 1). The popu-
lation model was based on a post-breeding census,
which assumes that the population is surveyed
directly after the breeding season. Although the
maximum longevity of this bird species in the wild
in the Netherlands is 13 years (Wasser & Sherman
2010), no age-specific variation is known after the
second year. Our age-structured matrix model
therefore consisted of two age-classes, juveniles
and adults. Turtle Doves typically start breeding in
their second calendar year (Cramp 1985). Because
breeding probability is unknown, we assumed
that all adult birds breed. In a population model
based on a post-breeding census, fecundity of 1-
year-old birds (Ff) and adult birds (Fa) can be cal-
culated as:

F f ¼ S j∗R (1)

and

Fa ¼ Sa∗R (2)

where Sj and Sa represent juvenile and adult sur-
vival, respectively, and R represents reproduction.

Reproduction (R) was calculated as:

R ¼ P ∗NC ∗Snest∗CS ∗ Segg∗ Snestling (3)

where P is the breeding probability (here assumed
to be 1), NC is the average number of clutches
laid per breeding season, Snest is the average nest
survival, CS is the average clutch size, Segg is the
average egg survival and Snestling is the average nest-
ling survival. The resulting population model was
used deterministically to calculate the asymptotic
population growth rate for Dutch Turtle Doves,
calculated as the dominant eigenvalue of the tran-
sition matrix (Appendix Fig. A4).

Population trends

In the Netherlands, a breeding bird monitoring
scheme based on territory mapping in sample plots
produces yearly indices of population size for
breeding populations (van Turnhout et al. 2008).
These yearly indices can be used to calculate the
annual population growth rates and the population
growth rate between 1990 and 2016. The popula-
tion growth rate was determined from a regression
on the ln-transformed indices on year. Back-
transformation of the resulting slope value yields a
value for the population growth rate λ. Population
growth rates for English and French Turtle Doves
were also calculated from trend data collected in
the UK between 1995 and 2018 (British Trust for
Ornithology 2019) and in France between 1996
and 2015 (Office National de la Chasse et de la
Faune Sauvage 2016). As yearly indices were not
available for the English and French trend data,
population growth was calculated as follows:

λ ¼
ffiffiffi

bn
p

(4)

with b as the proportional change during the mea-
sured time period (n: end year minus start year).
We compared these population trends with the
projected population growth rate of the con-
structed population model.

© 2021 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.
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Comparing population model results
with the demographic and ecological
focus of the existing primary literature
for Turtle Doves

To determine whether causes of Turtle Dove
decline mentioned in the literature match the out-
comes of the population model, we ranked vital
rates based on either the literature or the results of
a Life Table Response Experiment (LTRE). First,
we ranked the vital rates based on the number of
papers from our literature review that mentioned
or investigated a specific vital rate (see Fig. 5; first
column). However, these vital rates were not
always identified as a possible cause for the decline
in population numbers, and others were often sug-
gested as a possible cause even when not studied.
Therefore, in addition to the first ranking, vital
rates were also ranked based on the number of
papers that mentioned that vital rate as instrumen-
tal in Turtle Dove population decline (Fig. 5; sec-
ond column).

Because survival parameters are bound between
0 and 1, whereas reproductive parameters are not,
sensitivity analyses are less suitable for comparisons
of their importance. To show the effect of propor-
tional changes in vital rates on λ, we calculated the
λ-elasticity values of the vital rates (de Kroon et al.
2000; Fig. 5; fifth column) using the popdemo
package (Stott et al. 2012) in R. As our population
model contains products of vital rates only (and no
additions) and given the post-breeding census
structure of the 2 × 2 matrix, the λ-elasticity value
of adult survival can be obtained by summing the
second column of the elasticity matrix, and the λ-
elasticity value of each of the other vital rates is
equal to 1 minus the λ-elasticity value of adult sur-
vival (Jongejans & de Kroon 2012).

Lastly, the change in vital rates in the Nether-
lands and the UK, as derived from the literature,
was ranked based on the magnitude of change
(Fig. 5; fourth column). For this purpose, esti-
mates from different time periods for the relevant
vital rates were collated from the literature. The
annual rate of change of the vital rates was then
determined using a linear regression analysis.
Because this analysis is based on few data points, it
was not possible to test the trends for significance.
However, the slope of the linear regression can
give an indication of the strength of the annual
change (Appendix Fig. A5). By dividing the annual

rate of change by the parameter value used in the
population model, a relative annual rate of change
was calculated for each of the vital rates. The rela-
tive annual rates of change were then multiplied
by the λ-elasticity of the vital rates to perform an
LTRE. The LTRE gives an estimate of how much
changes in vital rates have contributed to changes
in the projected population growth rate. The
effect of a certain demographic vital rate on the
population change is therefore a combination of
the sensitivity of the population growth rate to
that vital rate and the degree of change in that
vital rate. The LTRE contributions were in turn
ranked in order of importance to the observed
population decline (Fig. 5; third column), which
could then be compared with the rankings based
on the literature to determine the degree of corre-
spondence between the LTRE and the literature.

RESULTS

Pressures identified from the literature
review

In total, 31 papers were reviewed for vital rates
and pressures, a full table of which can be found
in Table 2 (and see Fisher et al. 2018). The most
prominent pressures and the vital rates with which
they have been linked are discussed below (Fig. 2).

Loss of habitat
Both loss of foraging and nesting habitat, and to a
lesser extent wintering habitat, were often named
as potential causes of Turtle Dove population
decline. There are multiple ways in which habitat
loss affects Turtle Doves. The disappearance of
weed-rich areas on farmland (e.g. through
increased herbicide use), the increase in crop-
producing fields, replacing natural grasslands and
improved harvesting techniques have all forced
Turtle Doves to adapt their diet from mostly weed
seeds to one composed of wheat and rape seeds
(Browne & Aebischer 2003a, Browne et al. 2004).
A combination of loss in foraging habitat, competi-
tion for food with Common Wood Pigeons
Columba palumbus and Stock Doves Columba
oenas (Dunn et al. 2016), and asynchrony with
food availability peaks (Browne & Aebischer
2003b) can result in Turtle Doves needing more
foraging time to maintain body condition both for
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reproduction and for migration. In addition, Turtle
Doves in countries such as the UK have adjusted
their migration strategy by undertaking their
autumn migration earlier (Browne & Aebischer
2003b), possibly because of earlier termination of
the breeding season and a lower number of
clutches, at least in north-western areas of the dis-
tribution range (Browne & Aebischer 2003b,
Browne et al. 2004).

Furthermore, rigorous, mechanized cutting of
hedges, in addition to removal of hedgerows, scrub
and woodland between the 1960s and 1980s, has
reduced suitable nesting habitat in north-western
Europe, possibly making habitat unsuitable for
breeding (Browne et al. 2004). In addition, it has
been suggested that Common Wood Pigeons pre-
fer a similar breeding habitat (Dunn & Morris
2012), leading to potential additional competition.
On the wintering grounds, increased cultivation of
crops such as rice, overgrazing by cattle, the disap-
pearance of vegetation in floodplains after con-
struction of dams, and prolonged droughts are
leading to the disappearance or deterioration of
roosting and feeding places (Boutin & Lutz 2007,
Zwarts & van Horssen 2009). No clear effect of
prolonged droughts in wintering areas on popula-
tion change has been found for Turtle Doves.
However, the positive relationship between cereal
production on wintering grounds and annual sur-
vival may indicate an indirect effect (Eraud et al.
2009). During migration, the quality and availabil-
ity of stopover or staging sites in the Mediter-
ranean and North Africa are crucial, especially
when birds use them for several weeks (Lormée
et al. 2016).

Hunting
Hunting of Turtle Doves is permitted in 10 coun-
tries within the European Union, mostly along the
Mediterranean Sea (Boutin & Lutz 2007). With 2–
4 million Turtle Doves shot legally each year,
hunting pressure is generally high (Zwarts & van
Horssen 2009). In addition, the Turtle Dove is also
shot during migration and on wintering grounds in
Africa. Hunting Turtle Doves is hardly regulated
here and information on hunting bags is practically
absent (Fisher et al. 2018). In addition, many birds
are killed through illegal hunting activities. A pre-
liminary modelling assessment of the impact of
hunting of Turtle Doves in the western flyway has
already shown that the number of hunted Turtle

Doves within the western flyway is higher than
the population is able to sustain (Fisher et al.
2018, Lormée et al. 2019). This analysis did not
account for the number of Turtle Doves shot
while wintering in Africa. Because the proportion
of juvenile and adult Turtle Doves shot each year
is unknown and the level of additive rather than
compensatory mortality from hunting is uncertain,
it is difficult to quantify effects on adult and juve-
nile survival. However, wing morphology for juve-
nile Turtle Doves suggests a slower take-off and
lower flight manoeuvrability, implying that juve-
nile birds are shot more easily and thus the effect
of hunting on juvenile survival may be larger
(Rocha & Quillfeldt 2015, Cabodevilla et al.
2018). In addition, there is an indirect effect of
hunting on survival. In Africa, Turtle Doves are
often disturbed while at roosting or drinking sites.
The time spent foraging is probably crucial for sur-
viving spring migration back to Europe (Zwarts &
van Horssen 2009).

Diseases
Trichomonosis is a widespread avian disease and
occasionally causes heavy mortality in columbid
and finch species (Höfle et al. 2004, Lennon et al.
2013). The Trichomonas gallinae protozoan para-
site is transmitted through courtship feeding,
shared food sources and feeding of crop milk from
adults to nestlings. Virulence differs between
strains, with the pathogenic strain leading to ulcer-
ations and lesions in the oesophagus and respira-
tory tract, often leading to suffocation or
starvation. Recently, Turtle Doves in the UK
showed an overall infection rate of 95%, with sev-
eral Turtle Doves showing clinical signs (Lennon
et al. 2013, Stockdale et al. 2015). West European
Turtle Doves also showed a high prevalence of
T. gallinae, although the pathogenic strain was not
found. The usage of shared feeding and drinking
sources, in addition to the species’ migratory char-
acter, might make the Turtle Dove especially sus-
ceptible to contracting T. gallinae infection (Marx
et al. 2017). Apart from survival, infection with
T. gallinae might also affect breeding success.
Although adults have a higher chance of being
infected, nestlings are more likely to die from
infection than adults (Lennon et al. 2013, Stock-
dale et al. 2015). The exact effects of a T. gallinae
infection on adult and juvenile survival and on
breeding success are unknown.
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Table 2. Overview of vital rates and pressures in the reviewed literature, including range and region.

Vital rate Pressure Reviewed literature Time range Region

Clutch size

Loss of nesting habitat
Loss of nesting habitat

Bijlsma (1985)
Fontoura and Dias (1995)
Hanane and Baamal (2011)
Murton (1968)
Siriwardena et al. (2000b)
Browne and Aebischer (2004)
Browne et al. (2005)

1977–81
1994
2006–08
1960–62, 1968
1962–95
1998–2000
1941–2000

Netherlands
Portugal
Morocco
UK
UK
UK
UK

Number of
clutches

Loss of nesting habitat

Bijlsma (1985)
Fontoura and Dias (1995)
Murton (1968)
Browne and Aebischer (2004)

1977–81
1994
1960–62, 1968
1998–2000

Netherlands
Portugal
UK
UK

Egg survival

Loss of nesting habitat
Loss of nesting habitat
Loss of foraging habitat
Loss of nesting habitat
Competition with other pigeons

Bijlsma (1985)
Brahmia et al. (2015)
Hanane and Baamal (2011)
Murton (1968)
Peiro (1990)
Siriwardena et al. (2000b)
Browne and Aebischer (2004)
Browne et al. (2005)
Yahiaoui et al. (2014)

1977–81
2013–14
2006–08
1960–62, 1968
1983–84
1962–95
1998–2000
1941–2000
2006–07

Netherlands
Algeria
Morocco
UK
Spain
UK
UK
UK
Algeria

Nestling survival

Loss of nesting habitat
Loss of nesting habitat
Loss of foraging habitat
Loss of nesting habitat
Competition with other pigeons

Bijlsma (1985)
Brahmia et al. (2015)
Hanane and Baamal (2011)
Murton (1968)
Peiro (1990)
Siriwardena et al. (2000b)
Browne and Aebischer (2004)
Browne et al. (2005)
Yahiaoui et al. (2014)

1977–81
2013–14
2006–08
1960–62, 1968
1983–84
1962–95
1998–2000
1941–2000
2006–07

Netherlands
Algeria
Morocco
UK
Spain
UK
UK
UK
Algeria

Nest survival

Loss of nesting habitat
Loss of nesting habitat
Loss of foraging habitat
Loss of nesting habitat
Competition with other pigeons

Bijlsma (1985)
Brahmia et al. (2015)
Hanane and Baamal (2011)
Murton (1968)
Peiro (1990)
Browne and Aebischer (2004)
Browne et al. (2005)
Yahiaoui et al. (2014)

1977–81
2013–14
2006–08
1960–62, 1968
1983–84
1998–2000
1941–2000
2006–07

Netherlands
Algeria
Morocco
UK
Spain
UK
UK
Algeria

Adult survival
Loss of foraging habitat
Degradation of wintering habitat

Murton (1968)
Siriwardena et al. (2000a)
Eraud et al. (2009)

1960–62, 1968
1962–95
1998–2004

UK
UK
France/Western Africa

Juvenile survival
Loss of foraging habitat

Murton (1968)
Siriwardena et al. (2000a)

1960–62, 1968
1962–95

UK
UK

Loss of foraging habitat Browne and Aebischer (2003a)
Browne et al. (2004)

1998–2000
1965–95

UK
UK

(continued)
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Table 2. (continued)

Vital rate Pressure Reviewed literature Time range Region

Chamberlain and Fuller (2000)
Dias et al. (2013)
Dunn and Morris (2012)
Dunn et al. (2015)
Mason and MacDonald (2000)

1968–91
2002–03
2010
2011–12
1994–96

UK
Portugal
UK
UK
UK

Loss of nesting habitat Browne et al. (2004)
De Buruaga et al. (2013)
Dias et al. (2013)
Dunn and Morris (2012)

1965–95
2006
2002–03
2010

UK
Spain
Portugal
UK

Competition with other pigeons Dunn and Morris (2012) 2010 UK
Degradation of wintering habitat Ockendon et al. (2012)

Ockendon et al. (2013)
Ockendon et al. (2014)
Sanderson et al. (2006)

1994–2000
1966–2011
1966–2006
1970–2000

UK/Africa
UK/Africa
UK/Africa
EU/Africa

Hunting Hirschfeld and Heyd (2005)
Lormée et al. (2019)
Marx et al. (2016)
Moreno-Zarate et al. (2021)
Rocha and Quillfeldt (2015)

2005–06
2013–14
1913–2011
2007–17
2009

EU
Western Europe
Europe
Spain
Spain

Trichomonas gallinae Lennon et al. (2013)
Stockdale et al. (2015)
Marx et al. (2017)

2011
2012
N.S.

UK
UK
Spain, Malta, Italy, Germany

Figure 2. Overview of the threats and pressures and how they affect vital rates and demographic kernels. The survival and reproduction
kernels were combined to form an age-structured population model. For each pressure or threat, the number of papers describing the
specific pressure or threat is indicated within parentheses, followed by the number of papers that studied the effects of a specific pres-
sure or threat. Papers were only attributed to one category per pressure or threat but could be ascribed to multiple pressures or threats.
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Estimated survival and recovery
probabilities

The best model based on QAICc values suggested
age-structured survival, S(ageclass)r(.). Model aver-
aging accounted for model selection uncertainty
and resulted in an adult survival estimate of 0.661
(95% confidence interval (CI): 0.589–0.727) and a
juvenile survival estimate of 0.607 (95% CI:
0.436–0.755). The estimated recovery probabilities
for both age-classes showed an increasing trend
between 1930 and 2017.

Because it was not possible to calculate full-time
dependence of survival and reporting estimates for
the entire time period, models were used with time
periods of 10, 20 and 30 years. The best model
based on QAICc values when using time periods of
either 10 or 20 years did not include time-
dependence of survival (Tables A4 and A5). The
best model using time periods of 30 years was
S(time*ageclass)r(Time), which includes an interac-
tion between time and the two age-classes for the
survival estimates and a continuous trend for the
recovery estimates (Table A6). Between 1930 and
1959, juvenile survival was estimated at 0.666 (95%
CI: 0.569–0.751), after which it decreased to 0.541
(95% CI: 0.419–0.659) in 1960–1989 and 0.398
(95% CI: 0.101–0.796) in 1990–2017. Adult sur-
vival was estimated at 0.664 (95% CI: 0.553–0.759)

in 1930–59 and 0.699 (95% CI: 0.59–0.789) in
1960–89. It was not possible to estimate adult sur-
vival between 1990 and 2017. The estimated recov-
ery probabilities showed an increasing trend
between 1930 and 2017 (Fig. 3).

Population growth rate

The constructed population model for the Dutch
Turtle Dove population had an estimated popula-
tion growth rate of λ = 0.953 (Appendix Fig. A4).
This growth rate was compared with those calcu-
lated from trend data for the Netherlands, the UK
and France (Fig. 4). Also shown is the density distri-
bution of the annual population growth rates, calcu-
lated from trend data for Dutch Turtle Doves
between 1990 and 2017. Projected population
growth rates (λ) calculated from trend data from the
Netherlands, the UK and France were λ = 0.922,
λ = 0.878 and λ = 0.982, respectively. The popula-
tion growth rate estimated from the population
model was intermediate between the values calcu-
lated from Dutch and French trend data, but higher
than the value calculated from trend data from the
UK. The λ values from both the population model
and those calculated from the Dutch and French
trend data fall within the highest density of the
yearly Dutch population growth rates.
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Figure 3. Age-specific annual survival and recovery probabilities, estimated with model S(time*ageclass)r(Time). Adult survival was
estimated for the years 1930–1959, 1960–1989 and 1990–2017. Due to insufficient data, adult survival could not be estimated
between 1990 and 2017. Standard errors and 95% CI are shown for each survival estimate. Recovery probabilities showed a contin-
uous trend over time.
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Sensitivities and elasticities

The sensitivity of population growth rate was
highest to changes in adult and juvenile survival
(Table 3). To show the effect of proportional
changes to λ, the elasticity of the parameters was
also calculated (Fig. 5; fifth column). The λ-
elasticity was highest for adult survival (0.694),
indicating that adult survival contributed more to
annual population growth than did any of the
other vital rates. Age-specific elasticity values for
reproduction and survival rates as well as the
stable-stage distribution are given in Table 4.

Comparison between literature and
population model results

To determine whether the focus of causes men-
tioned in the literature matches the outcomes of
the population model, we ranked vital rates based
on either the literature or the results of the LTRE.
Vital rates linked to reproduction are among the

highest-ranking values in the literature, with either
number of clutches or egg survival and nestling sur-
vival ranking highest (Fig. 5). The largest relative
annual rate of change was seen for the number of
clutches, and the smallest relative annual rate of
change was observed for adult survival. However,
the ranking based on the elasticity of the popula-
tion model showed adult survival as the highest-
ranking vital rate. The ranking of the LTRE, which
estimates how much changes in vital rates con-
tribute to changes in the projected population
growth rate, confirmed the importance of the num-
ber of clutches and juvenile survival. Adult survival
occupies the last place in this ranking.

DISCUSSION

In this study, we aimed to better understand the
decline of Turtle Doves in the north-western part
of their distribution by reviewing existing litera-
ture, estimating survival using Dutch ring-recovery
data and subsequently building a population
model. The predicted population growth rate from
the population model, constructed with vital rate
values from the literature and estimated from
Dutch ring-recovery data, is reasonably consistent
with the observed long-term decline in the north-
western European population of Turtle Doves.
Although the projected population growth rate
estimated from the population model is higher
than the observed negative growth rates calculated
from trend data from the Netherlands and the
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Figure 4. Density distribution of annual population growth
rates of Turtle Doves, based on trend data from 1990 to 2017
from the Netherlands. Also shown are overall population
growth rates from the Netherlands, the UK and France and the
growth rates calculated with the population model.

Table 3. Sensitivity of the population growth rate to changes
in the vital rates, as calculated from the constructed population
model for the Dutch Turtle Dove population.

Vital rate λ-sensitivity λ-elasticity

Adult survival 1.0000 0.6937
Juvenile survival 0.8111 0.3063
Nest survival 0.6348 0.3063
Egg survival 0.5214 0.3063
Nestling survival 0.3561 0.3063
Breeding probability 0.2920 0.3063
Clutch size 0.1521 0.3063
Number of clutches 0.1460 0.3063

Table 4. Age-specific elasticity values for reproduction and
survival rates, as well as the stable-stage distribution, calcu-
lated from a full 13 age-class population model with λ = 0.953.

Age Survival Reproduction
Stable-stage
distribution

Juvenile 21.2 9.4 44.8
1-year-old 14.7 6.5 16.9
2-year-old 10.2 4.5 11.7
3-year-old 7.1 3.1 8.1
4-year-old 4.9 2.2 5.6
5-year-old 3.4 1.5 3.9
6-year-old 2.4 1.0 2.7
7-year-old 1.6 0.7 1.9
8-year-old 1.1 0.5 1.3
9-year-old 0.8 0.3 0.9
10-year-old 0.5 0.2 0.6
11-year-old 0.4 0.2 0.4
12-year-old 0.3 0.1 0.3
13-year-old 0.6 0.3 0.7
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UK, it falls within the highest density of the yearly
Dutch population growth rates. This shows that
the vital rates that we extracted from the literature
and calculated based on ringing data are realistic
and representative. The projected population
growth rate calculated from the population model
is lower than the observed negative growth rate
calculated from trend data from France, which
implies the French population may be experienc-
ing different pressures.

The elasticity analysis of the constructed popu-
lation model indicates that adult survival con-
tributes most to annual population growth. Time-
dependent adult survival estimated from Dutch
capture–mark–recovery data shows an increase in
survival from 0.664 between 1930 and 1959 to
0.699 between 1960 and 1989. Unfortunately, it
was not possible to estimate adult survival for all
of the three used time periods, but the literature
does show a decline in annual adult survival for
British Turtle Doves from 0.623 between 1962
and 1978 to 0.525 between 1979 and 1995

(Siriwardena et al. 2000a). In the same study, a
decrease from 0.222 between 1962 and 1978 to
0.185 between 1979 and 1995 was found for
annual juvenile survival. Time-dependent juvenile
survival estimated from Dutch capture–mark–re-
covery data showed a clear change since the
1930s, decreasing from 0.666 to 0.398 between
1930 and 1959 and between 1990 and 2017,
respectively. Juvenile survival in this study is com-
posed of both birds ringed as nestlings and fledged
first calendar-year birds, resulting in an overestima-
tion of juvenile survival. However, the observed
decline in juvenile survival in this study does give
an indication of the actual decline in survival.

A review of the existing literature reveals multi-
ple threats and pressures on survival that may
influence one or more stages of the life cycle of the
Turtle Dove. Hunting affects Turtle Dove survival
in European breeding areas, during migration and
in the wintering areas in Africa (Boutin & Lutz
2007, Zwarts & van Horssen 2009). In addition,
the decline in the quality and extent of wintering

Figure 5. Ranking of the contributions of changes in vital rates to the decline of Turtle Dove populations, either based on a literature
review (second column) or a Life Table Response Experiment (third column). On the left vital rates were ranked based on the num-
ber of papers focusing on a vital rate (first column), and the number of papers which mentioned vital rates as involved in the decline
(second column). Also given for both, in italics, is the number of papers when focusing on papers related to the north-western Euro-
pean population. Vital rates were also ranked based on their relative annual rate of change (fourth column) in the Netherlands and
UK, calculated using values found in the literature. The fifth column contains a ranking of the λ-elasticity values of the vital rates as
estimated with the population model. Together, the rankings in the fourth and fifth column resulted in a ranking based on a Life
Table Response Experiment (LTRE; third column).
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habitat, caused by climate change and intensifica-
tion of agriculture, is mentioned in relation to sur-
vival (Eraud et al. 2009). An emerging threat is the
avian protozoan parasite T. gallinae (Lennon et al.
2013, Stockdale et al. 2015). The exact effect of
these pressure factors on survival is unknown.

The LTRE provides additional insight into
whether the population decline is caused by a
change in factors for which the population growth
rate is sensitive. In contrast to the elasticity analy-
sis, the LTRE suggests that changes in adult sur-
vival have not contributed much to the decline in
Turtle Dove population numbers. Although the
literature reports a decline in adult survival, it is
not enough to have caused a decline in population
numbers. There could be several possible explana-
tions for this. First, although pressures such as
hunting and unfavourable wintering conditions in
Africa will have a negative impact on survival,
these factors have remained relatively stable since
1930. In addition, a change in one pressure may
be offset by a change in another. Secondly, the
adult survival value used in the population model
is based on a single adult survival estimate over
the entire period from 1930 to 2017. In addition,
estimates of survival are lacking for the north-
western European population for the 21st century.
The actual change in adult survival in the last two
decades is therefore unknown. Lastly, a combina-
tion of high λ-sensitivity and low variability of
adult survival seems to be in line with the demo-
graphic buffering hypothesis (Pfister 1998, Hilde
et al. 2020). A possible exception to this life-
history theory is mortality caused by diseases
(Gaillard et al. 1998). Although we did not see a
strong decline in adult survival over the study per-
iod, the increased emergence of pathogenic T. gal-
linae strains in European Turtle Doves in recent
years could potentially affect mean adult survival.
This is worrisome because our LTRE suggests that
population growth rate is especially sensitive to
changes in adult survival. Future research will need
to quantify how this is affecting the population.

Population growth rate was also sensitive to
changes in juvenile survival. As stated above, one
would expect juvenile survival to be buffered
against temporal variation. However, in contrast to
adult survival, both the literature and the survival
analysis show a decrease in juvenile survival, in the
UK and the Netherlands respectively, since the
1960s. This could suggest that environmental fac-
tors play an important role in observed change in

juvenile survival. This is supported by the LTRE,
in which juvenile survival is ranked second, mak-
ing juvenile survival one of the most important
vital rates with respect to Turtle Dove population
decline. However, the highest-ranking vital rate in
the LTRE is the number of clutches, which has
shown a substantial decline over time. Although
population growth rate is less sensitive to changes
in the number of clutches, the observed change is
of such magnitude that it is of great importance in
the explanation of the population decline. This
large change in the number of clutches is thought
to be caused by changes in foraging and breeding
habitat quality (i.e. the disappearance of weed-rich
areas on farmland, the increase in crop-producing
plots, the more rigorous cutting of hedges as well
as removal of hedgerows, scrubs and woodlands)
as a result of which, instead of the usual two
clutches in the past, only one clutch is reared
(Browne & Aebischer 2003b, 2004).

A comparison between the rankings based on
the most plausible causes mentioned in the litera-
ture and the outcomes of the LTRE shows a clear
mismatch. The LTRE indicates important effects
of juvenile survival and the incidence of second
clutches on Turtle Dove decline. In addition, both
the sensitivity and the elasticity analysis showed
high sensitivity of population growth rate to
changes in adult survival. However, most analyses
performed so far have focused on reproductive
stages such as egg survival and nestling survival or
overall nest survival, rather than on juvenile sur-
vival and number of clutches. Interestingly, in
accord with the LTRE exercise, survival rates are
most often mentioned in the literature as a possi-
ble cause of Turtle Dove decline, even when they
are not the focus of the literature. At the same
time, it is important to bear in mind that our
counts of publications in which certain vital rates
are studied could be biased due to other considera-
tions, limitations and processes. For example, the
expertise of scientists, available budget and time,
and difficulty of studying some vital rates may all
have influenced the focus of studies. It is also diffi-
cult to exclude the possibility of publication
biases. For example, nest studies may be easier
and quicker to perform than capture–mark–recov-
ery studies or efforts to estimate breeding proba-
bilities. Nonetheless, our publication counts per
vital rate reflect, to some degree, those parts of
the life cycle deemed crucial to understanding the
decline, and thus influence reviews.
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Because our results underline the importance of
juvenile survival and the number of clutches in
driving observed population decline, research
efforts are needed that focus on pressures that
have been associated with these vital rates. In
addition to degradation of foraging habitat, which
is already a focus of current research, efforts to
quantify effects of hunting on Turtle Doves in
western Europe have recently increased (Lormée
et al. 2019, Moreno-Zarate et al. 2021). However,
more research is still needed into the degradation
of wintering habitat, hunting along the central and
eastern flyways in Europe and in Africa and the
emergence of T. gallinae. Investigating the cause of
population decline of an already heavily depleted
species has proven to be valuable, but also chal-
lenging. Although ringing data were available for a
long period of time, they were insufficient to
extract a reliable time-dependent survival estimate
for north-western European Turtle Doves. As
recent estimates of survival rates are lacking, the
importance of changing adult survival in driving
population decline may have been underestimated.
Vital rate values for reproduction used in the con-
struction of the population model were based on a
study from the 1980s and may not be fully repre-
sentative of the current situation. Collection of
new data for a depleted population is difficult and
shows that intensive data collection should occur
throughout the decline. Collection of sufficient
data is also needed for proper estimation of uncer-
tainty measures for all life cycle components,
which is necessary to perform robustness checks
on model outcomes and conclusions.

With the development of the international sin-
gle species action plan for the conservation of the
Turtle Dove, the first step towards conservation
measures focusing on the entire life cycle of the
Turtle Dove has been taken (Fisher et al. 2018).
Partly in line with our results, this plan focuses on
the expansion of high-quality habitats at breeding
sites, stopover sites and wintering areas. In addi-
tion, the aim is to eradicate or reduce illegal hunt-
ing of Turtle Doves both inside and outside the
EU and to bring legal killing back to sustainable
levels. Recently, in the UK and other Western
European countries, conservation efforts have
focused on increasing foraging habitats (Operation
Turtle Dove 2020, Vogelbescherming Nederland
2020) with the intent to increase the average
number of breeding attempts. In our view these
promising initiatives should be accompanied by

research addressing the vital rates that our analysis
indicates as most important.
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Böhning-Gaese, K. 2019. Long-term declines of European
insectivorous bird populations and potential causes.
Conserv. Biol. 33: 1120–1130.

© 2021 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

Causes of population decline in Turtle Doves 565

http://www.birdlife.org
https://doi.org/10.2305/IUCN.UK.2019-3.RLTS.T22690419A154373407.en
https://doi.org/10.2305/IUCN.UK.2019-3.RLTS.T22690419A154373407.en
https://doi.org/10.2305/IUCN.UK.2019-3.RLTS.T22690419A154373407.en


Brahmia, H., Zeraoula, A., Bensouilah, T., Bouslama, Z. &
Houhamdi, M. 2015. Breeding biology of sympatric
Laughing Streptopelia senegalensis and Turtle Streptopelia
turtur Dove: a comparative study in northeast Algeria. Zool.
Ecol. 25: 220–226.

British Trust for Ornithology 2019. BBS Bird Population
Trends. Available at: https://www.bto.org/volunteer-surveys/
bbs/latest-results/population-trends (accessed 1 October
2020).

Browne, S.J. & Aebischer, N.J. 2003a. Habitat use, foraging
ecology and diet of Turtle Doves Streptopelia turtur in
Britain. Ibis 145: 572–582.

Browne, S.J. & Aebischer, N.J. 2003b. Temporal changes in
the migration phenology of Turtle Doves Streptopelia turtur
in Britain, based on sightings from coastal bird
observatories. J. Avian Biol. 34: 65–71.

Browne, S.J. & Aebischer, N.J. 2004. Temporal changes in
the breeding ecology of European Turtle Doves Streptopelia
turtur in Britain, and implications for conservation. Ibis 146:
125–137.

Browne, S.J. & Aebischer, N.J. 2005. Studies of west
Palearctic birds: turtle dove. Br. Birds 98: 58–72.

Browne, S.J., Aebischer, N.J. & Crick, H.Q.P. 2005.
Breeding ecology of Turtle Doves Streptopelia turtur in
Britain during the period 1941–2000: an analysis of BTO
nest record cards. Bird Study 52: 1–9.

Browne, S.J., Aebischer, N.J., Yfantis, G. & Marchant, J.H.
2004. Habitat availability and use by Turtle Doves
Streptopelia turtur between 1965 and 1995: an analysis of
Common Birds Census data. Bird Study 51: 1–11.

Brownie, C., Anderson, D.R., Burnham, K.P. & Robson,
D.S. 1985. Statistical Inference from Band-Recovery Data –
A Handbook. 2nd edn. Washington, DC: US Department of
the Interior, Fish & Wildlife Service.

Cabodevilla, X., Moreno-Zarate, L. & Arroyo, B. 2018.
Differences in wing morphology between juvenile and adult
European Turtle Doves Streptopelia turtur: implications for
migration and predator escape. Ibis 160: 458–463.

Caswell, H. 2001. Matrix Population Models: Construction,
Analysis and Interpretation, 2nd edn. Sunderland: Sinauer.

Chamberlain, D.E. & Fuller, R.J. 2000. Local extinctions and
changes in species richness of lowland farmland birds in
England and Wales in relation to recent changes in
agricultural land-use. Agric. Ecosyst. Environ. 78: 1–17.

Cramp, S. 1985. Handbook of the Birds of Europe, the Middle
East, and North Africa: the Birds of the Western Palearctic:
353–363. Oxford: Oxford University Press.

De Buruaga, M.S., Onrubia, A., Fernández-Garcı́a, J.M.,
Campos, M.Á., Canales, F. & Unamuno, J.M. 2013.
Breeding habitat use and conservation status of the Turtle
Dove Streptopelia turtur in northern Spain. Ardeola 59: 291–
300.

de Kroon, H., van Groenendael, J. & Ehrlén, J. 2000.
Elasticities: a review of methods and model limitations.
Ecology 81: 607–618.

Dias, S., Moreira, F., Beja, P., Carvalho, M., Gordinho, L.,
Reino, L., Oliveira, V. & Rego, F. 2013. Landscape effects
on large scale abundance patterns of Turtle Doves
Streptopelia turtur in Portugal. Eur. J. Wildl. Res. 59: 531–
541.

Donald, P.F., Sanderson, F.J., Burfield, I.J. & van Bommel,
F.P.J. 2006. Further evidence of continent-wide impacts of

agricultural intensification on European farmland birds,
1990–2000. Agric. Ecosyst. Environ. 116: 189–196.

Dunn, J.C. & Morris, A.J. 2012. Which features of UK
farmland are important in retaining territories of the rapidly
declining Turtle Dove Streptopelia turtur. Bird Study 59:
394–402.

Dunn, J.C., Morris, A.J. & Grice, P.V. 2015. Testing bespoke
management of foraging habitat for European Turtle Doves
Streptopelia turtur. J. Nature Conserv. 25: 23–34.

Dunn, J.C., Stockdale, J.E., Moorhouse-Gann, R.J.,
McCubbin, A., Hipperson, H., Morris, A.J., Grice, P.V. &
Symondson, W.O.C. 2016. The decline of the Turtle Dove:
Dietary associations with body condition and competition
with other columbids analysed using high-throughput
sequencing. Mol. Ecol. 27: 3386–3407.

Eraud, C., Boutin, J.M., Rivière, M., Brun, J., Barbraud, C.
& Lormée, H. 2009. Survival of Turtle Doves Streptopelia
turtur in relation to western Africa environmental conditions.
Ibis 151: 186–190.

Eraud, C., Rivière, M., Lormée, H., Fox, J.W., Ducamp, J.J.
& Boutin, J.M. 2013. Migration routes and staging areas of
trans-Saharan Turtle Doves appraised from light-level
geolocators. PLoS One 8: e59396.

Fisher, I., Ashpole, J., Scallan, D., Proud, T. & Carboneras,
C. 2018. International Single Species Action Plan for the
Conservation of the European Turtle-dove Streptopelia turtur
(2018 to 2028). Luxembourg: European Commission.

Fontoura, A.P. & Dias, S. 1995. Productivity of the Turtle
Dove (Streptopelia turtur) in the northwestern of Portugal.
Proceedings of the international union of game biologists.
XXII Congress: the Game and the Man, Sofia, Bulgaria

Gaillard, J.-M., Festa-Bianchet, M. & Yoccoz, N.G. 1998.
Population dynamics of large herbivores: variable
recruitment with constant adult survival. Trends Ecol. Evol.
13: 58–63.

Hanane, S. & Baamal, L. 2011. Are Moroccan fruit orchards
suitable breeding habitats for Turtle Doves Streptopelia
turtur? Bird Study 58: 57–67.

Hilde, C.H., Gamelon, M., Sæther, B.E., Gaillard, J.M.,
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APPENDIX

Table A2. Model results for models spanning 1930–2017. Models were adjusted for overdispersion with a ĉ of 1.46, based on a
bootstrapped goodness of fit test. To consider lack of fit, model selection was based on QAICc values. The best fitting model based
on QAICc values is given in bold type. Model averaging resulted in an adult survival of 0.6614758 and a juvenile survival of
0.6068421.

Model Number of parameters QAICc Delta QAICc Weights QDeviance ĉ

S(~Ageclass)r(~1) 3 1006.749 0 0.22739643 302.8854 1.464698
S(~1)r(~1) 2 1006.758 0.009090 0.22636529 304.8976 1.464698
S(~1)r(~Ageclass) 3 1007.391 0.642112 0.16494943 303.5275 1.464698
S(~Ageclass)r(~Time) 4 1007.595 0.845578 0.14899385 301.7268 1.464698
S(~1)r(~Time) 3 1007.604 0.854442 0.14833507 303.7399 1.464698
S(~Ageclass)r(~Ageclass) 4 1008.742 1.992710 0.08395993 302.8740 1.464698
S(~Ageclass)r(~time + Ageclass) 91 1273.852 267.1022 0 389.5193 1.464698
S(~1)r(~time + Ageclass) 90 1308.209 301.4596 0 425.9751 1.464698
S(~Ageclass)r(~time * Ageclass) 178 1445.563 438.8141 0 374.2710 1.464698
S(~1)r(~time*Ageclass) 177 1446.664 439.9149 0 377.5713 1.464698

Table A3. S and r models containing two groups, ringed as
juvenile and ringed as adults (~Ringed), and an age structure
within the juvenile group (~agestructure). Survival and recov-
ery probabilities can be divided into different time periods
(~timeperiod), show a continuous trend in time (~Time) or be
constant (~1).

S r

(~1) (~1)
~timeperiod ~timeperiod
~Agestructure ~Agestructure
~ringed ~ringed
~Time ~Time
~Agestructure + Ringed ~Agestructure + Ringed
~Agestructure*Ringed ~Agestructure*Ringed
~timeperiod + Ringed ~timeperiod + Ringed
~timeperiod*Ringed ~timeperiod*Ringed
~timeperiod + Agestructure ~timeperiod + Agestructure
~timeperiod*Agestructure ~timeperiod*Agestructure

Table A1. Tested model structures for mark–recapture analy-
ses of the survival of Turtle Doves. S and r models containing
an age structure within the juvenile group (~agestructure).
Recovery probabilities can be time-dependent (~time), show a
continuous trend in time (~Time) or be constant (~1).

S r

(~1) (~1)
~Agestructure ~time

~Agestructure
~Time
~time + Agestructure
~time*Agestructure
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Table A4. Model results for time periods of 10 years for the top 15 models. Models were adjusted for overdispersion with a ĉ of
1.08, based on a bootstrapped goodness of fit test. To consider lack of fit, model selection was based on QAICc values. The best fit-
ting model based on QAICc values is given in bold type.

Model
Number of
paremeters QAICc Delta QAICc Weights QDeviance ĉ

S(~Ageclass)r(~Timeperiod10) 11 1342.955 0 0.18002 375.4424 1.081133
S(~1)r(~Timeperiod10) 10 1343.176 0.22058 0.16122 377.6744 1.081133
S(~Ageclass)r(~Timeperiod10 + Ageclass) 12 1343.94 0.98403 0.11006 374.4138 1.081133
S(~Ageclass)r(~Timeperiod10 + Ringed) 12 1343.954 0.998182 0.10929 374.4279 1.081133
S(~Ringed)r(~Timeperiod10) 11 1344.373 1.417957 0.08860 376.8603 1.081133
S(~1)r(~Timeperiod10 + Ageclass) 11 1344.497 1.541624 0.08328 376.984 1.081133
S(~Ageclass + Ringed)r(~Timeperiod10) 12 1344.922 1.966887 0.06733 375.3967 1.081133
S(~Ageclass + Ringed)r(~Timeperiod10 + Ageclass) 13 1345.914 2.95863 0.04101 374.3748 1.081133
S(~Ringed)r(~Timeperiod10 + Ageclass) 12 1346.155 3.199391 0.03636 376.6291 1.081133
S(~Ageclass)r(~Timeperiod10 * Ringed) 20 1346.714 3.758269 0.02749 361.0494 1.081133
S(~1)r(~Timeperiod10 * Ringed) 19 1346.82 3.864079 0.02608 363.1762 1.081133
S(~Ageclass * Ringed)r(~Timeperiod10) 13 1346.936 3.980521 0.02460 375.3967 1.081133
S(~Ageclass * Ringed)r(~Timeperiod10 + Ageclass) 14 1347.929 4.973319 0.01498 374.3748 1.081133
S(~Ringed)r(~Timeperiod10 * Ringed) 20 1348.3 5.344198 0.01244 362.6354 1.081133
S(~Ageclass + Ringed)r(~Timeperiod10 * Ringed) 21 1348.735 5.77916 0.01001 361.0483 1.081133

Table A5. Model results for time periods of 20 years for the top 15 models. Models were adjusted for overdispersion with a ĉ of
1.12, based on a bootstrapped goodness of fit test. To consider lack of fit, model selection was based on QAICc values. The best fit-
ting model based on QAICc values is given in bold type.

Model
Number of
parameters QAICc Delta QAICc Weights Deviance ĉ

S(~Ageclass)r(~Timeperiod20 * Ringed) 12 1307.071 0 0.07931 367.172 1.116108
S(~Ageclass)r(~Timeperiod20) 7 1307.20 0.129609 0.07433 377.354 1.116108
S(~1)r(~Timeperiod20 * Ringed) 11 1307.736 0.665207 0.05687 369.8498 1.116108
S(~1)r(~Timeperiod20) 6 1307.835 0.764054 0.05413 379.9958 1.116108
S(~Timeperiod20)r(~Timeperiod20) 10 1308.073 1.002198 0.04805 372.1983 1.116108
S(~Ageclass)r(~Timeperiod20 + Ageclass) 8 1308.304 1.233411 0.04280 376.4495 1.116108
S(~Ageclass)r(~Timeperiod20 + Ringed) 8 1308.314 1.243625 0.04259 376.4597 1.116108
S(~Ringed)r(~Timeperiod20 * Ringed) 12 1308.477 1.406047 0.03926 368.5781 1.116108
S(~Ringed)r(~Timeperiod20) 7 1308.659 1.588428 0.03584 378.8128 1.116108
S(~Timeperiod20)r(~Timeperiod20 * Ringed) 15 1308.672 1.601217 0.03561 362.7292 1.116108
S(~1)r(~Timeperiod20 + Ageclass) 7 1308.883 1.81269 0.03204 379.0371 1.116108
S(~Ageclass + Ringed)r(~Timeperiod20 * Ringed) 13 1308.941 1.870637 0.03112 367.029 1.116108
S(~1)r(~Timeperiod20 + Ringed) 7 1308.977 1.90596 0.03058 379.1304 1.116108
S(~Ageclass + Ringed)r(~Timeperiod20) 8 1309.094 2.023478 0.02883 377.2395 1.116108
S(~Timeperiod20 + Ageclass)r(~Timeperiod20) 11 1309.228 2.157446 0.02697 371.3421 1.116108
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Table A6. Model results for time periods of 30 years for the top 15 models. Models were adjusted for overdispersion with a ĉ of
1.13, based on a bootstrapped goodness of fit test. To consider lack of fit, model selection was based on QAICc values. The best fit-
ting model based on QAICc values is given in bold type.

Model
Number of
parameters QAICc Delta QAICc Weights Deviance ĉ

S(~Timeperiod30 * Ringed)r(~Time) 8 1297.393 0 0.21438 377.9853 1.131486
S(~Timeperiod30 * Ringed)r(~1) 7 1300.042 2.649041 0.05701 382.6427 1.131486
S(~Ageclass)r(~1) 3 1301.459 4.065656 0.02808 392.0823 1.131486
S(~Ageclass)r(~Timeperiod30 * Ringed) 8 1301.518 4.125106 0.02725 382.1104 1.131486
S(~Ageclass)r(~Timeperiod30) 5 1301.532 4.139089 0.02706 388.1464 1.131486
S(~Timeperiod30 * Ringed)r(~Ageclass) 8 1301.647 4.253787 0.02556 382.2391 1.131486
S(~Timeperiod30 * Ringed)r(~Ringed) 8 1301.745 4.351888 0.02433 382.3372 1.131486
S(~Ageclass)r(~Time) 4 1301.963 4.570039 0.02182 390.5826 1.131486
S(~1)r(~1) 2 1302.06 4.667327 0.02078 394.6871 1.131486
S(~1)r(~Timeperiod30) 4 1302.279 4.886083 0.01863 390.8985 1.131486
S(~1)r(~Ageclass) 3 1302.29 4.896864 0.01853 392.9135 1.131486
S(~1)r(~Timeperiod30 * Ringed) 7 1302.323 4.929494 0.01823 384.9232 1.131486
S(~Timeperiod30 * Ringed)r(~Timeperiod30) 9 1302.331 4.937609 0.01815 380.9135 1.131486
S(~Timeperiod30 * Ringed)r(~Ageclass + Ringed) 9 1302.427 5.034296 0.01730 381.0101 1.131486
S(~1)r(~Timeperiod30 + Ageclass) 5 1302.551 5.157485 0.01626 389.1647 1.131486
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Figure A1. Total numbers of Turtle Doves ringed each year in the Netherlands between 1930 and 2017. The function jitter was used
to spread out the points vertically for visual clarity.
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Figure A2. Total number of recaptures each year for Turtle Doves ringed in the Netherlands. The function jitter was used to spread
out the points vertically for visual clarity.
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Figure A3. Total number of recoveries each year for Turtle Doves ringed in the Netherlands between 1930 and 2017. The function
jitter was used to spread out the points vertically for visual clarity.

Figure A4. Age-structured transition matrix model with an adult survival of 0.661 as estimated from Dutch ring-recovery data.
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Figure A5. Annual rate of change for vital rates in the Netherlands and the UK, estimated using a linear regression analysis. Esti-
mates for the different vital rates shown were collected from the literature. Values on reduction in nesting habitat were used to repre-
sent change in breeding probability.
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Figure A6. Comparison between the LTRE contributions based on elasticity and the LTRE contributions based on sensitivity calcu-
lated using the constructed Dutch population model.
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