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Killian A. Gregory Abstract

Email: killian gregory@cefe.cnrs.fr 1. Migratory species experience various conditions and events throughout their an-

Handling Editor: David Soto nual cycle that influence their spatial and demographic dynamics. To understand
these dynamics, it is essential to describe the origin and destination of individu-
als. Migratory connectivity, which is defined as the geographic linkage between
populations across the annual cycle, is increasingly incorporated in population
models to relate population trends to environmental variables at different stages
of the cycle. However, such information on migratory movements is obtained in-
dependently from the study of population dynamics despite the interaction be-
tween both processes. Expanding on the growing use of integrated modelling
approaches, we developed an integrated framework that allows the sharing of
information between migratory connectivity and population data.

2. We first assembled an integrated migratory connectivity model and an integrated
population model to join the analysis of GPS, live-reencounter, dead-recovery,
capture-mark-recapture, and population count data within a unified framework.
Based on simulated data, we assessed the ability of the resulting integrated con-
nectivity and population model to produce unbiased and precise connectivity and
demographic estimates. We then applied the same assessment to real data using
the Eurasian Curlew (Numenius arquata) as a case study.

3. On simulated data, the integrated connectivity and population model estimated

connectivity and survival parameters with no bias and similar precision to the
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connectivity model alone. However, it outperformed the population model in es-
timating fecundity in the absence of explicit productivity data. When applied to
the Eurasian Curlew, the integrated connectivity and population model produced
overall similar migratory connectivity and more accurate demographic estimates
than the connectivity model alone, consistent with previous studies. Additionally,
the model was able to estimate fecundity, whereas the data were too sparse for

the population model alone to disentangle juvenile survival and fecundity.

. The sharing of information between migratory connectivity and population data

improved the estimation of demographic parameters by the population model and
improved connectivity parameter estimates when data were scarce. This flexible
framework can be generalised to include diverse data on migration movements,
population structure, individual heterogeneity or environmental variables,
allowing further investigation of the interaction between migration patterns and

population dynamics.
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1 | INTRODUCTION

Migratory species engage in cyclical seasonal or transgenerational
movements across countries and continents. Throughout their
journey, they encounter diverse conditions, obstacles and threats
that are likely to affect their fitness, either directly by increasing
mortality rates (Sillett & Holmes, 2002) or through delayed effects
carrying over to later in the migration cycle (Harrison et al., 2011;
Marra et al., 1998). The population dynamics of migratory species
thus depend on events occurring all around the migration cycle.
Understanding the main factors that could impact the population dy-
namics of migratory species across their yearly cycles is essential to
predict the adaptive responses of populations to selective pressures
and to assess their vulnerability to local events or global changes
(Finch et al., 2017; Webster et al., 2002). Yet investigating the con-
sequences of events experienced by individuals at earlier migration
stages, sometimes far from the monitored populations, that is sea-
sonal interactions sensu Myers (1981) and Webster et al. (2002),
requires a proper description of where individuals come from and
where they go (Norris & Marra, 2007).

In species with large distributions, not all individuals are likely
to migrate to the same area. Instead, they exhibit geographical
variation in migration routes and non-breeding distributions. The
links between populations or the sites they occupy throughout
the migration cycle have been termed migratory connectivity
(Webster et al., 2002). Accordingly, the study of migratory con-
nectivity provides the information needed to understand the
consequences of spatially localised events on the population net-
work. Assessments of migratory connectivity range from qualita-
tive descriptions of movement patterns to quantitative estimates

Bayesian framework, capture-mark-recapture, demography, GPS data, integrated modelling,
migratory connectivity, population dynamics, ringing data

of spatial correlations or transition probabilities between regions
or populations (Gregory et al., 2023). Migratory connectivity has
mainly been unravelled for birds, although some studies are be-
ginning to provide insights into patterns for species with differ-
ent migration cycles, such as marine mammals or insects (Dunn
et al., 2019; Gao et al., 2020).

Various types of data that enable tracking individuals can inform
about migratory connectivity. Most often, these data consist of loca-
tions for resightings or dead-recoveries of tagged individuals, trajec-
tories collected using tracking technologies, or spatial assighnments
based on the comparison of isotopic or genetic signatures of sam-
ples with a reference map (Webster et al., 2002). Combining various
datasets provides information at different geographic scales or for
different subsets of the populations (Gregory et al., 2023). Migratory
connectivity data are increasingly incorporated when addressing a
range of ecological questions, deepening our understanding of mi-
gration patterns by studying their environmental and behavioural
drivers (Norevik et al., 2020) or their consequences for population
vulnerability (Jiguet et al., 2019).

The consequences of migratory connectivity on population dy-
namics are well-theorised (Runge et al., 2014), but there remains a
lack of methodological tools to allow the joint study of migratory
connectivity and variations in population sizes. Full-annual cycle
(FAC) models, which take into account the effect of events all around
the annual cycle on demographic trends (Hostetler et al., 2015), cur-
rently offer the most comprehensive framework for understanding
the dynamics of migratory species. They allow, for instance, to cor-
relate seasonal environmental variables with changes in abundance
of migratory populations (Wilson et al., 2011) or to identify key fea-
tures of migration networks on which to focus conservation efforts
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(Hallworth et al., 2021; Taylor & Stutchbury, 2016). However, most
FAC models rely on prior information on static migratory connec-
tivity patterns to correlate seasonal effects with changes in popu-
lation sizes (Hostetler et al., 2015; Marra et al., 2015), as migratory
connectivity patterns and population dynamics are still studied in-
dependently. Current models therefore lack the ability to capture
potential feedbacks between population dynamics and changes in
migration patterns.

Data integration frameworks are rapidly spreading in ecology
as they bear the potential of bringing together distinct fields of
research (Zipkin et al., 2021). Data integration sensu stricto, also
known as integrated modelling, refers to the joint analysis of
multiple independent datasets within a single modelling frame-
work. Compared to independent models, integrated models can
extract more information from the data, improving the precision
of estimates (Abadi, Gimenez, Arlettaz, & Schaub, 2010; Korner-
Nievergelt et al., 2017). Additionally, they enable the estimation of
parameters for which no explicit data are available, such as immi-
gration rate or fecundity for integrated population models (Abadi,
Gimenez, Ullrich, et al., 2010; Besbeas et al., 2002). The flexibil-
ity of data integration also allows the joint analysis of datasets
with varying spatiotemporal resolutions and scales, combining
their strengths and making up for discrepancies, provided signif-
icant differences in information content and sampling biases are
accounted for (Saunders et al., 2019; Zipkin et al., 2021). Given its
flexibility and properties, integrated modelling has the potential
to bring together the analysis of migratory connectivity patterns
and population dynamics, providing better understanding of their
interplay (Hostetler et al., 2015).

In this study, we combine usual models from both fields of mi-
gratory connectivity and population dynamics to highlight a rela-
tionship between migratory connectivity and survival that allows
their formal integration. Our aim was to provide a simple and re-
producible example as a proof of concept to show that tools are
available to bridge the gap between these two fields and to in-
vestigate how integrated modelling may benefit the estimation of
migratory connectivity and demographic parameters. Combining
data from breeding and non-breeding regions is likely to provide
additional information on the demographic processes in each sea-
son, and their dependence on particular regions during the annual
cycle. We first assembled an example of an integrated migratory
connectivity and population model within an adaptable frame-
work. We then assessed the performance of the resulting model
on simulated data to quantify the gain in precision and reduction
in bias of parameter estimates it provides compared to indepen-
dent migratory connectivity or population models. Finally, we con-
ducted a similar comparison using Eurasian Curlew data (Numenius
arquata, hereafter curlew) as a case study to validate the applica-
bility of the model to a real, unbalanced dataset. The perspectives
of an integrated connectivity and population dynamics model are
huge, as they open a new door to explicitly investigate the interac-
tion between the demography of migratory populations and their
movement patterns.

2 | MATERIALS AND METHODS
2.1 | Description of the models

The integrated connectivity and population model (ICPM) combines
an integrated migratory connectivity model (ICM) and an integrated
population model (IPM). These three integrated models combine
model units for each independent dataset, which are described
thereafter. Notations and parameters from the following sections

are summarised in Table 1.

2.1.1 | Integrated migratory connectivity model
(ICM)

The ICM aims to assess migratory connectivity between regions
or populations. We chose to estimate quantitative connectivity
parameters as transition probabilities mg, between discrete
breeding regions g€ [1;G] and non-breeding regions k € [1;K]
, as this measure of migratory connectivity has direct relevance
to population dynamics. A higher value of mg, means that a
higher proportion of the population moves from g to k, drawing
a stronger connection between these two regions. The ICM
combines simplified model units from the integrated models of
Korner-Nievergelt et al. (2017), Prochazka et al. (2017), Rushing
et al. (2021) and Von Rénn et al. (2020) to jointly analyse ringing
and tracking data. For each unit, individuals have been marked in
breeding regions. Model units have been replicated for different
age classes (individuals marked as adult or as juvenile) to account
for age dependence in survival probabilities and some recapture
probabilities (Table 1).

The first unit of the ICM fits live-reencounter data (LR) of in-
dividuals marked in breeding regions g and reencountered alive in
non-breeding regions k. Adapted from Arnason-Schwarz multistate
model by Korner-Nievergelt et al. (2017), it aims at estimating tran-
sition probabilities mg, between certain states—here, presence in

regions g and k. The probability of reencountering a bird of breed-

ing region g in non-breeding region k alive is: Pjg(g, k) = mg; x piR’”gE,
where ptR%¢ s the probability of recapturing the individual given it is

K
in region k. As the data are aggregated for all years, survival probabil-

LR,age
k

as age-dependent to account for some of the variation in survival

ities are confounded with reencounter probabilities p , modelled
probabilities between juveniles and adults. Knowing the total num-
ber of marked individuals in each breeding population ngi”gea' and the
number of marked individuals never recaptured Qg, the likelihood of

the live-reencounter model takes the form:
G
H Multinom(LRgvl:K, Qg)ngmged‘ My 140 les,(HSe). (1)
g=1

The second unit of the ICM fits dead-recoveries (R) of indi-
viduals marked in breeding regions g whose remains were found

in non-breeding regions k. Also adapted from Arnason-Schwartz
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TABLE 1 Notations for data, Data

parameters and indices used in the study.

CMR,_t. g

LRy

g kxt

gk

Qs

nTagged

Ringed
nS 8

obs
gt N,g,t ’

Parameters

Mgk

age

Py

age
(I)S

R

CMR ,,LR.age
s P

pSMR

Indices
g€ (1G]
ke [1K]

te[LT]

multistate model by Korner-Nievergelt et al. (2014), it incorpo-

age
k

The probability of recovering a dead individual in non-breeding

rates survival probabilities ¢)°° specific to non-breeding sites.

region k t years after it had been marked in breeding region g is:

age
k

of recovering the individual given it is in region k (¢p%¢ = (p’,'f" in the

K
first year of an individual marked as juvenile, after which % = ¢29).

Pr(g,k,t) = mgy X @501 x (1 — 5) x pf, where pf is the probability

Similar to the LR model, the likelihood of the dead-recovery model

takes the form:
G
T T Muttinom(Rg s xoxca7y Q| 55, My 14, 0, P - 2)
g=1

The third unit of the ICM fits data from tracking technologies (T)
deployed on adults, with no data recovery bias other than survival, as
is the generally case for GPS data. The model is again an adaptation

Capture-mark-recapture: Three-dimensional m-array summarising the
number of marked birds recaptured in the same region in year t after
their last (re)capture in year tc, over the monitoring period t™R for each
breeding population g

Live-Reencounter: G x K matrix summarising the number of birds ringed

in breeding region g and resighted alive in non-breeding region k

Dead bird recovery: G x (K x t) matrix summarising the number of birds
ringed in breeding region g and recovered dead in non-breeding region
k t years after ringing

Tracking technologies: G x K matrix summarising the number of birds
tagged in breeding region g, tracked to non-breeding region k, and
which data could be recovered

Number of birds ringed in breeding region g that were never
reencountered

Total number of birds ringed/tagged in breeding region g

Population numbers: True and observed number of breeding females (or
pairs) N and N° of population g at time t, broken down into first-year (1
) and adults (ad)

Migratory connectivity: transition probabilities from breeding region g
to non-breeding region k

Survival probabilities in non-breeding region k; age: for juveniles
younger than 1year (juv) and adults (ad)

Annual survival probabilities for birds of breeding region g; age: for
juveniles younger than 1year (juv) and adults (ad)

Fecundity of individuals of breeding region g (mean number of offspring
per pair)
Recapture/recovery probabilities in breeding region g or non-breeding

region k; age: for juveniles younger than 1year (juv) and adults (ad)

Standard deviation of the observation error for counts of breeding
population g

Breeding regions
Non-breeding regions

Year since the beginning of the monitoring (dataset-specific)

of Arnason-Schwarz model by Korner-Nievergelt et al. (2017), which
we have extended to correct for heterogeneous survival probabilities
between non-breeding regions, similar to Rushing et al. (2021). We
assumed that one trip is sufficient to identify the non-breeding site
of a tagged individual and that tracking devices have no effect on the
survival of the individuals. When there is no need to recapture indi-
viduals to collect the data, the proportion of tracks linking breeding
region g and non-breeding region k reflects the transition probabil-
ities between regions modulated by the probability that individuals
survive their journey to non-breeding region k: Pr(g,k) = mg X (pz"
. Knowing the total number of tagged individuals in each breeding

region n1%%* the likelihood of the tracking model takes the form:

3

G

II Multinom(TgYLK‘ngT"gged, mg 1., (p’i‘:’K)- @)
g=1
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The fourth unit of the ICM fits capture-mark-recapture
data (CMR) using a multinomial Cormack-Jolly-Seber framework
(Cormack, 1964; Jolly, 1965; Seber, 1965). It aims at estimating
annual survival ®J% and recapture probabilities ngR from capture
histories of individuals marked and reencountered alive within the
breeding regions. However, following Rushing et al. (2021), migra-
tory connectivity parameters can be involved through the average
survival probabilities of individuals in breeding populations cbgge,

which can be expressed as the average survival probabilities during

age
k

ties between breeding and non-breeding regionsmg:

the non-breeding season ¢,%° weighted by the transition probabili-

K
@ = Y myx o @
k=1

The probability of recapturing a marked individual of breeding
population g last released in year t. agfitcgcaptured in year tg then is
Pow (tc, tryg) = @Ette x (1—p§MR) x pSMR (@ = @ in the
first year of an individual marked as juvenile and @;36 = <I>;d after).

Similar to the LR model, knowing the total number of marked in-

Ringed tCMR

8
monitoring, the likelihood of the capture-mark-recapture model

dividuals in each breeding population n over the years of

takes the form:

G tCMR
[T TT Muttinom( MRy, 1, Qs nE"EEMR, @cse, pCHR ). (5
g=1 tc=1

Ringed
3

known, the same models units can be formulated by ignoring the prob-

orn}®®**is not

When the total number of marked individuals n
ability of never recapturing/recovering data on marked individuals
and scaling the rest of the probabilities to one (Prochazka et al., 2017).
Such models are not identifiable on their own, but can provide addi-
tional information when the parameters are also informed by other
units of the integrated model for which the total number of marked
individuals is known. As formulated above, the ICM relies on a set of
assumptions. First, we assume fidelity of individuals to their breeding
and non-breeding regions over the years. Migratory movements be-
tween breeding regions and non-breeding regions are set for every
individual throughout its life. As such, migratory connectivity mg is
assumed to be independent of age. Second, recapture and recovery
probabilities are assumed to be homogeneous within each region k (or
g) and annual survival is considered to depend solely on non-breeding
regions, regardless of the origin of individuals. Last, all parameters are
considered constant over the years. Each of these assumptions could
be relaxed, and this base ICM could be generalised depending on the

study system and the data available.

2.1.2 | Integrated population model (IPM)

The IPM aims to estimate demographic parameters for breed-

ing populations, including annual survival @, fecundity F, and the

population size of breeding populations N, while accounting for ob-
servation error. The IPM combines capture-mark-recapture data
and breeding population counts without productivity data as exem-
plified in Kéry and Schaub (2012).

The first model unit of the IPM fits observed numbers of individ-
uals based on the state-space framework of Kéry and Schaub (2012),
although more complex population structures could be imple-
mented. The biological process assumes two age classes in a pre-
breeding survey: first year and adults older than 1year. Individuals
are assumed to start reproducing from their first year. Only breed-
ing females are counted, which is equivalent to counting the number
of breeding pairs. Assuming an even sex-ratio, first-year and adults
have the same fecundity F, and thus produce F; /2 juvenile females
each year. Average survival probability for first-year and adults is
<I>§°', while juveniles have a different survival probability cD;”". All pa-
rameters are considered constant over the years.

The number of first-year in year t + 1 depends on the fecun-
dity of first-year and adults, and the survival of juveniles to their
first year, with demographic stochasticity modelled by a Poisson
distribution:

N1

gt+1

~ Poisson((N;t + N;‘;') X Fy/2 % d)é”"). (6)

The number of adults in year t + 1 depends on the survival of
first-year and adults, with demographic stochasticity modelled by a
binomial distribution:

d . . 1 d ad
N;t+1 ~ BmomlaI(Ng,t + N;t,<1>§ ) (7)
The observation process refers to an imperfect census of breed-

ing females, with an observation error modelled as a normal error

€4+ ~ Normal (0, s, ):
NOY =Ny +ege = (N;t + N;‘:) +egp. (8)

The second model unit of the IPM fits capture-mark-recapture
data. It is identical to the fourth model unit in the ICM (Equation 5),
except that the IPM can only identify @, as a whole, not its compo-

nents mg, and ¢, (Equation 4).

2.1.3 | Integrated migratory connectivity and
population model (ICPM)

The ICPM combines all previously described model units: the live-
reencounter, the dead-recovery and the tracking models specific
to the ICM, the population count model specific to the IPM and
the capture-mark-recapture model shared by the ICM and the
IPM, which is core to the ICPM. Through Equation (4), the data
fed into the ICM informs @, a key parameter of the IPM, while the
data fed into the IPM informs m,

.o the central parameter of the
ICM (Figure 1).
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FIGURE 1 Graphical representation
of the integrated connectivity and
population model. Small boxes represent
the data, large boxes represent the model
units, arrows indicate the contribution of
the parameters to the data in the models.
The key formula for integrating both the : I(/)‘“’/\. (O
integrated connectivity and the integrated :"I'/
population models relates survival : Y&

Capture-Mark-
........ 3 Recaplure mod e-/, Live-Reencounter model

LR, ad

/ ' k
g, k .
\ pLR, ]uvk

probabilities for breeding populations @, F
, survival probabilities in non-breeding
regions ¢, and transition probabilities
between breeding and non-breeding

regions mg. g
g (system process)
NP
g
(observation process)
Population count model
Connectivity parameter Demographic parameters Observation parameters
Capture-Mark- T it bability - ¢ " "
CMR.., Rocapture data my . fransiion probabily ing) Fecundity P Recapture probability (Breeding)
LR,,  Live-reencounter data pthed, Reencounter probability (adult - Non breeding)
Ry Recovery data d p'*/*, Reencounter probability (juvenile - Non breeding)
T,x  Tracking data Survival (adult - Breeding) P Recovery probability (Non breeding)
N, Population numbers Survival (juvenile - Breeding)
N, Population counts
2.2 | Model evaluation and 0.90 to generate realistic survival rates that correspond to

2.2.1 | Datasimulation

The performance of the models was evaluated using simulated
data to check their ability to accurately estimate parameters
with known values. We simulated 250 different datasets for
each integrated model, using the same probabilistic processes
as in the models (Equations 1-8). Each simulated dataset was
composed of (1) dead-recoveries, live-reencounters and CMR data
for individuals ringed as adults or juveniles in breeding regions,
both when the total number of ringed individuals was known and
unknown, (2) GPS data for individuals tagged as adults in breeding
regions, both when the total number of tagged individuals was
known and unknown and (3) breeding count data in a scenario
where individuals participate in reproduction from their first year
(Appendix S1 and code).

Each of these 250 simulated datasets was generated from an
independent set of simulated parameter values for three breeding
regions g and three non-breeding regions k. Connectivity parame-
ters mg, were drawn from a uniform distribution between 0.10 and
0.90 and normalised for each breeding region to generate transi-
tion probabilities between 5% and 80%. Recapture probabilities
for live-reencounters and dead-recoveries in the non-breeding
regions pif and pf were drawn from a uniform distribution be-
tween 0.01 and 0.50, and between 0.05 and 0.75 for CMR data
in the breeding regions pg"”R as recapture rates are typically higher
in CMR designs than for opportunistic reencounters and recov-
eries. Annual adult survival probabilities in the non-breeding re-
gions (pi“ were drawn from a uniform distribution between 0.25

various life-history strategies and migration risks while avoiding
drastic differences between non-breeding regions. These values
were used to generate juvenile annual survival probabilities in the
non-breeding regions qa’;”—set at about 50% of adult survival—
and adult and juvenile annual survival probabilities for breeding
populations @;" and @Q‘V—using mg, and Equation (4). To obtain a
range of declining to increasing population trends while including
a trade-off between survival and fecundity, we simulated annual
fecundity Fg using a simple and arbitrary negative relationship
with <I>§d, set to produce annual growth rates roughly centred on 1
(Appendix S1). Only combinations of d)?“ and F, resulting in annual
growth rates between 0.90 and 1.10 were retained to avoid pop-
ulation extinction or explosion over the simulated period. Initial
population size for each breeding region was drawn from a normal
distribution with mean 10,000 and standard deviation 500, and
populations counts N;’ZS were generated over 35years with an ob-
servation error o, between O and 1000. In each breeding region,
a total of 1000 individuals were ringed in the live-reencounter,
dead-recovery and CMR datasets (100 per year for 10years for
the CMR data), and 50 individuals were tagged with GPS.

2.2.2 | Model assessment

The ICM and the IPM were compared with the ICPM, which com-
bined these two integrated models into a single framework. Each of
the three models was run on 250 simulated datasets. The relative
bias of parameter estimates was calculated for the 250 runs as the
difference between the estimated values and the simulated values
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of the parameters, divided by the simulated values. The precision of
parameter estimates was assessed from the mean and 95% confi-
dence intervals of their coefficient of variation (CV) across the 250
runs, calculated as the standard deviation of estimates divided by
their mean values.

2.3 | Case study: The Eurasian Curlew
2.3.1 | Study system

The Eurasian Curlew is a large migratory wader with a continu-
ous distribution across Eurasia. It breeds from the British Isles
to Siberia where it occupies a variety of inland and coastal wet-
lands, grasslands, cultivated fields and meadows. During the non-
breeding season, its distribution shifts south from Western and
South-Western Europe to Africa and South-Western Asia, where
it is found mainly on the coast or near lakes and rivers with a high
degree of site fidelity (Brown, 2015; del Hoyo et al., 1996). The
species is considered near-threatened at the global scale (BirdLife
International, 2021). In Europe, the subspecies Numenius arquata
arquata shows contrasting estimated trends, as breeding popula-
tions are mostly declining while non-breeding populations seem
to be increasing on the long term (Brown, 2015). While the main
cause of decline for this long-lived species is suspected to be low
breeding success due to intensive farming and predation pressures
(Viana et al., 2023), its migratory dynamics are not well under-
stood, which hampers comprehension of the links between breed-
ing and non-breeding population dynamics.

2.3.2 | Delineation of breeding and non-breeding
regions

We had to divide the continuous distribution range of the curlew
in Europe into distinct populations or regions between which to
investigate migratory connectivity. Three regions were deline-
ated based on migration atlases (Bairlein et al., 2014; Bakken
et al., 2003; Fransson et al., 2008; Saurola et al., 2013; Wernham
etal.,2002): (1) anorth-eastern region including Fennoscandia, the
Baltic states and European Russia known to be a massive breed-
ing source population; (2) a north-western region composed of
Great-Britain and Ireland; and (3) a wide southern region stretch-
ing from Morocco and Spain to Turkey and extending as far north
as Denmark (Figure 2). As these regions cover breeding and non-
breeding grounds, we kept the same delineation for both seasons.
We had no movement data for curlews migrating from Siberia or
to the south of Morocco, limiting our analysis to the relative migra-
tory connectivity between the three regions we defined. These
regions were vast due to the resolution of our data, but offered a
representative case study of large-scale heterogeneous datasets
to illustrate the application of the integrated model. Dispersal
movements between regions were considered negligible because

they could not be distinguished from migratory movements just by
looking at a breeding origin and a non-breeding destination of an
individual. This assumption was consistent with the large size of

the regions and the philopatric nature of the species.

2.3.3 | Migratory connectivity data

Connectivity data for the curlew included live-recaptures and dead-
recoveries of individuals ringed between 2000 and 2017 extracted
from the EURING databank (du Feu et al., 2016). We built 10 matrices
summarising the number of individuals per ringing and reencounter
regions (birds ringed as juveniles/adults x known/unknown number
of ringed birds x live-recaptures/dead-recoveries, and birds ringed
as adults x known/unknown number of ringed birds x CMR). To en-
sure the independence of the datasets, individuals who appeared in
more than one dataset were filtered out, priority given to the dead-
recovery, then the live-reencounter and finally the CMR datasets.
GPS data was provided for 58 birds tagged between 2015 and 2021
during the breeding season in France, Germany, Finland and Estonia,
with no information on the total number of tagged birds. The non-
breeding region was identified from the most south-westerly location
where the individuals were detected resting during the non-breeding
season, further confirmed by visual inspection of the tracks.

2.3.4 | Breeding population data

Population count data were extracted from BirdLife International
(2015), which presents estimates of the number of breeding pairs
for each species and country in Europe around 1980 and 2012 with
the corresponding population trends (BirdLife International, 2015).
To homogenise count years between countries, for each country,
population sizes around 2012 were first modelled as normal distri-
butions by calculating the mean population size and estimating the
standard deviation that would generate 95% of counts between the
reported minimum and maximum. From these distributions, 100,000
values were sampled to project population counts in 1980 and 2012
using the median of reported population trends. We then summed
the projected population counts across regions to produce a distri-
bution of population sizes for each region in 1980 and 2012, the
median of which was fitted as observed breeding population counts
in the models. To help the models infer the population dynamics
over this 32-year period, we also fitted annual growth rates calcu-
lated from the regional counts in 1980 and 2012, assuming that re-
gional growth rates were constant over the study period since we
had no data between these 2years. The proportion of first-year in
the initial population was calculated from a Leslie matrix based on
previous estimates of survival and fecundity (Appendix S2). As cur-
lews generally do not return to the breeding grounds in their first
year (del Hoyo et al., 1996), we considered that first-year curlews
were not reproducing and that the breeding count data informed
only about the number of adult females (N‘t’bS = Nfd) instead of
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FIGURE 2 Migration network of the Eurasian Curlew in Europe. The three regions between which migratory movements have been

investigated are shown in colour (NE: North-eastern Europe and western Russia; NW: North-western Europe; S: Southern Europe). Panels
‘NE’, ‘'NW’ and ‘S’ split the data according to the breeding region of individuals. Lines connect the observations in the non-breeding region
(white shapes) of individuals marked or tagged on their breeding grounds (black shapes), for ringing (triangles) and GPS data (circles). Panel
‘All’ summarises migration from breeding regions to non-breeding regions. The width of the arrows indicates the proportion of individuals

moving from one breeding region to each non-breeding region.

the total number of adult and first-year females as in the general
model (N‘t’bS = Nt1 + Nfd + ¢, Equation 8). Also, having only 2years
with population counts for each region did not allow us to explicitly
model an observation error. The observation error ¢; was therefore
confounded with the demographic stochasticity of Nfd (Equation 7)
(Appendix S2).

2.3.5 | Licence information

The capture of curlews and GPS deployment in France was licenced by
the CRBPO (French national ringing scheme) under the reference num-
bers PP1083 and PP336, in accordance with the animal experimenta-
tionguidelines of the EU Directive 2010/63/EU. In Germany, permission
to tag curlews was granted by the Ministerium fiir Landwirtschaft,
landliche Raume, Europa und Verbraucherschutz of the federal state
of Schleswig-Holstein (file numbers V 312-7224.121-37(42-3/13)
and V 241-35,852/2017(88-7/17)), the Lower Saxony State Office for

Consumer Protection and Food Safety (file numbers 33.19-42502-
04-17/2699 and LAVES, AZ 33.19-42502-04-20/3373), and the
State Agency for Nature, Environment and Consumer Protection of
North Rhine-Westphalia (LANUV, AZ 81.02.04.2020.A097). Tagging
in Estonia was carried out under the licence of the Matsalu Ringing
Centre, Estonian Environmental Agency (file numbers 3-2013 and 4-
2013 within the ‘Programme of marking Eurasian curlew’). Permission
to capture and tag curlews in Finland was granted by the Centre for
Economic Development, Transport and the Environment (file numbers
VARELY/1136/2020 and VARELY/3622/2017).

2.4 | Implementation of the models

Bayesian frameworks are flexible for assembling model units into in-
tegrated models. We implemented the integrated models in JAGS
(Plummer, 2003) using R2jags package (Su & Yajima, 2020) in R
4.2.0 (R Core Team, 2022). Prior distributions of parameters were
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the distribution of the coefficient of variation (CV) of the estimates over the 250 simulations as a proxy for their precision. For each family
of parameter—transition probabilities, fecundity, survival (adults) and survival (juveniles)—parameters showed the same pattern irrespective
of the breeding and/or non-breeding region. Therefore, only one representative parameter for each family has been presented here as

a summary, thatism, 4, Fy, <I>‘;"' and d)‘fv, even if general results are described in the main text. Results for the remaining parameters are

presented in Appendix S3.

non-informative, corresponding to uniform distributions between 0 and
1 for all probabilities and between 0 and 6 for fecundity. For the curlew,
the lack of CMR data for juveniles did not allow the IPM to disentangle
juvenile survival and fecundity. Therefore, uniform priors for juvenile
survival were restricted between 0.35 and 0.50 in the IPM based on
previous estimates from the literature to improve model convergence
(Appendix S2) (Viana et al., 2023). The integrated models were run for
about 1,000,000 iterations, until convergence of MCMC chains, using
a Gelman-Rubin convergence diagnostic Rhat of less than 1.1 and an
effective sample size greater than 100 as a sign of convergence, con-
firmed by visual inspection of the trace plots (Gelman & Rubin, 1992).

3 | RESULTS
3.1 | Performance of the integrated models on
simulated data

On average, the integrated connectivity and population model
‘ICPM’ and the integrated connectivity model ‘ICM’ showed no
bias and similar CV for transition probabilities m (i.e. connectivity
parameters; median bias'™ =median bias'“™™ =0.1% [95% quan-
tile range: -15.6%-16.8%]; median CV'M _=median CV'°™™ _=8.0%

[QR: 3.7%-13.9%)]) (Figure 3; Appendix S3). The same behaviour of
the models could be observed for adult and juvenile breeding sur-
vival estimates ®,4 and @y, although the distribution ranges sug-
gest that the magnitude of bias was smaller for the ICPM and the
ICM than for the integrated population model ‘IPM’ (e.g. for adults:
median bias'®, =median bias'“™™ =-0.1% [QR: -3.4%-2.4%], less
dispersed than bias'PM‘D with median 0.2% and QR -6.2%-5.1%).
The ICPM and the ICM also performed twice better than the IPM
in terms of precision (e.g. for adults: median CV'CM®=median
CVIPM =1.3% [QR: 0.6%-2.5%]<median CV'™_ =2.4% [QR:
1.0%-6.2%]). Compared to the IPM, the ICPM allowed the estima-
tion of fecundity F with higher precision (median CV'“™™_=4.3%
[QR: 3.0%-7.7%] <median CV'"™.=8.8% [QR: 5.5%-21.4%]). The
extent of bias distributions suggests that the magnitude of bias was
also lower for fecundity estimates produced by the ICPM compared
to those of the IPM (median bias'“™™.=0.6% [QR: -10.6%-8.6%];
median bias'™;=0.8% [QR: -19.3%-20.1%)).

3.2 | Application to the Eurasian Curlew

Applied to the Curlew data, the integrated connectivity model
‘ICM’ and the integrated connectivity and population model ‘ICPM’
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produced similar estimates for transition probabilities mg,

for the probability of curlews breeding in the NE region to overwin-

except

ter in the same region for myg e, Which was significantly reduced in

the ICPM (mﬁmf =0.12 [95% Credible Interval: 0.04-0.25] < m;\‘fé‘j’NE

=0.43 [Cl: 0.30-0.57]; Figure 4). Both models suggested a diffuse

migration from the NE region, with a probability of miP =0.42 [Cl:

0.29-0.57] for curlews to migrate towards the NW region, and m\¢Fs!
=0.45 [Cl: 0.28-0.62] for curlews to migrate towards the S region.
Curlews breeding in the NW and S regions showed a strong ten-

dency to remain in the same region during the non-breeding season,

MyENE MNENW

with probabilities of m’ﬁvﬁ/mw =0.91 [Cl: 0.81-0.97] and m’g”‘” =0.72
[CI: 0.60-0.82].

Concerning demographic parameters estimates, average annual
survival of both adults and juveniles from the breeding region, (D;"
and d)é“v, were higher and more precise in the ICPM compared to
the ICM (Figure 4). Adult survival estimates <I>§" in the integrated
population model ‘IPM’ were similar to the ICPM, but juvenile sur-
vival CDQ”" had to be constrained to allow the IPM to converge and is
therefore not comparable to the estimates of the two other mod-

els. Similarly, the ICPM was able to estimate fecundity F, without
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FIGURE 4 Migratory connectivity and demographic estimates for the Eurasian Curlew in Europe. Mean values and 95% credible intervals
(CI) are displayed for estimates of migratory connectivity (m,), annual survival of breeding populations for adults and juveniles (<I>;“ and

<I>’g“", respectively), and fecundity (F,). Indices correspond to breeding regions g and non-breeding regions k (NE: North-eastern Europe and
western Russia; NW: North-western Europe; S: Southern Europe). The three integrated models are compared for each parameter (ICM,
integrated connectivity model; ICPM, integrated connectivity and population model; IPM, integrated population model).
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needing juvenile survival to be fixed, contrary to the IPM. According
to the ICPM, adult survival was slightly lower in the NW region
CD?\IG\'/V =0.874 [Cl: 0.872-0.877] compared to the NE and S regions
where @ ~ @2 = 0.890 [Cl: 0.884-0.896]. Juvenile survival and
fecundity were analogous between all regions as all credible in-
tervals overlapped: d)’,‘jg ~ dﬁ\‘;v ~ <l>’;"’ =0.42 [Cl: 0.31-0.54] and
Fne = Fyw = Fs = 0.52[CI: 0.40-0.70].

4 | DISCUSSION

We provided an example of an integrated connectivity and population
model that combines existing model units from both fields of migra-
tory connectivity and population dynamics, allowing the sharing of
information on migration movements and demographics. Tested on
comprehensive simulated data, the ICPM estimated transition prob-
abilities between breeding and non-breeding regions with no bias
and similar precision to the ICM. The integration of connectivity and
population data mainly enhanced the precision of demographic pa-
rameters compared to an IPM without productivity data. However,
when applied to a real dataset for the curlew, the ICPM improved the
estimation of transition and survival probabilities for some regions
compared to the ICM, and was better able than the IPM to cope with
the lack of CMR data that hindered the identification of juvenile sur-
vival and fecundity. Improved precision of estimates and the ability
to estimate parameters not directly informed by the data are two key
features of integrated population models (Abadi, Gimenez, Ullrich,
et al., 2010; Besbeas et al., 2002; Schaub & Abadi, 2011) and inte-
grated migratory connectivity models (Korner-Nievergelt et al., 2017,
Prochazka et al., 2017; Von Rénn et al., 2020) that have successfully
propagated in our model, provided the connectivity and population
datasets are sufficiently complete or complementary to inform all but
at most one parameter of the ICM and the IPM.

In this study, the improvement in precision generally did not con-
cern the migratory connectivity estimates despite the link created
between these parameters and the population count data through
the integration (Equation 4). This resulted from the larger amount
of connectivity data compared to demographic data, especially the
dead-recovery data that informed survival in the non-breeding re-
gions and was quite abundant for the curlew as it is a game species in
some countries (Appendix S3). In the simulation analysis, it enabled
the ICM to produce well-supported connectivity estimates and sur-
vival estimates with higher precision than the IPM. For the curlew,
integrating dead-recoveries in the non-breeding season through the
ICM was necessary to estimate juvenile survival, which could not be
achieved by the IPM alone due to the lack of CMR data for juveniles.
The integration of connectivity and population models allowed this
precise information on adult and juvenile survival to be fed into the
population model, where it improved its ability to disentangle sur-
vival and fecundity from growth rates, ultimately making fecundity
estimable or more precise.

We would expect population data to have a stronger influence on
connectivity estimates if it was more comprehensive than migratory

connectivity data. For the curlew, the population model constrained
survival to fit population count data, resulting in a higher survival
estimate and a lower migratory connectivity for individuals breeding
in the NE region via Equation (4). Indeed, dead-recovery data was
limiting in the NE region, preventing a reliable estimation of non-
breeding survival for this region (Appendices S2 and S4). Adding
information on population trends constrained breeding survival
in the NE region to a higher value, and since survival in the other
non-breeding regions was better informed, the model rebalanced
connectivity and non-breeding survival in the NE region to more
realistic values—although this conflicting information between two
sparse datasets led to a convergence harder to achieve for juvenile
survival, the least informed parameter, in the ICPM compared to the
ICM. The ICM and the IPM integrate datasets that inform about dif-
ferent groups of processes, and the intersection of these different
points of view resulted in the observed improvement in the precision
of estimates.

More generally, combining data from both breeding and non-
breeding seasons in the ICPM provides more information on
region-specific survival and recapture probabilities as demographic
processes in the different regions are connected. This may allow
the estimation of demographic parameters for regions with scarce
data, as was the case for the NE region in the curlew application.
We expect this sharing of information to be particularly relevant
when survival and recapture probabilities are heterogeneous across
regions (Lebreton & Pradel, 2002), and when migratory connectivity
is strong, making some breeding regions more dependent on some
non-breeding regions (Webster et al., 2002). In such situations, the
integrated model should better identify the contribution of each
non-breeding season to the dynamics of each breeding season (and
vice-versa) compared to independent migratory connectivity or
population dynamics models, resulting in a more precise description
of inter-regional heterogeneity.

Even for a simple application to the curlew, the ICPM provided
estimates coherent with previous descriptions of its migratory pat-
terns and demographic parameters. Consistently with migratory at-
lases, our migratory connectivity estimates advocate for a diffuse
migration of birds from Russian and Scandinavian populations to-
wards Great-Britain and south-western Europe, while birds of north-
western and Southern Europe tend to stay in the same regions during
the breeding and non-breeding seasons (Bairlein et al., 2014; Bakken
et al., 2003; Fransson et al., 2008; Saurola et al., 2013; Wernham
et al., 2002). Our estimates of annual adult survival for the different
breeding populations were also consistent with previous European-
scale studies (Méndez et al., 2018; Roodbergen et al., 2012; Viana
et al., 2023). Juvenile survival and fecundity were similar to previ-
ous estimates, with fecundity still low enough to corroborate the
hypothesis that low breeding success may be driving population
declines in all three regions of Europe. However, the contribution
of population counts to the estimation of demographic parameters
may be slightly biased in this particular example, as we were not able
to account for observation errors due to the scarcity of our data.
Additionally, the size of our regions and the resolution of our analysis
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do not allow us to draw conclusions about finer-scale movements
within the regions, as curlews are known to move closer to shores
during the non-breeding season (del Hoyo et al., 1996). Also, it is
impossible to assess how much our estimates are affected by the
lack of data for birds breeding in the large Siberian populations or
migrating to unmonitored regions outside Europe, which still hinders
our understanding of why breeding and non-breeding populations in
Europe show distinct trends. A more detailed analysis with comple-
mentary data collected at various points in the curlew's annual cycle
would be required to fully understand its population dynamics.

Studies on migratory species typically bring together datasets
from different parts of a species' annual cycle through interna-
tional collaborations, which may differ in spatiotemporal coverage
or sampling effort. Integrated modelling thus offers two additional
benefits for the study of migratory species. First, despite being
data demanding, the ICPM confronts the strengths and weaknesses
of various datasets, compensating for some of their imbalances
(Saunders et al., 2019; Zipkin et al., 2019). Second, as a distribution
of migratory connectivity values is being estimated concurrently
with demographic parameters, an integrated framework such as the
one presented here propagates uncertainty between connectivity
patterns and demographic processes (Schaub & Abadi, 2011), which
may nuance the conclusions of studies about the impact of local-
ised events in the migration network (e.g. Hallworth et al., 2021).
Yet, combining migratory connectivity data and population dynam-
ics data in the ICPM raises new challenges. Current studies gener-
ally consider migratory connectivity patterns to be static, whereas
population sizes are time-dependent. Individuals may change their
migratory behaviour in response to environmental changes (Fiedler
et al., 2004), or face differential selection on a migration route
(Hewson et al., 2016), resulting in changes in migratory connectivity
over time. Ignoring such changes may bias survival and fecundity
estimates of the population model. If sufficient data are available,
migratory connectivity could be allowed to vary over time as popu-
lation sizes do, shedding additional light on the dependence of mi-
gration patterns on population dynamics.

The integrated model we presented uses model units from re-
cent connectivity and population studies. Each unit could be fur-
ther developed to improve the performance of the integrated
model. First, depending on the available data, survival and detec-
tion probabilities may need to be modelled more specifically. The
tracking model could account for the effect of tags on survival and
include a tag-recapture probability, in order to avoid underestimat-
ing non-breeding survival. This would notably make the model more
appropriate to analyse data from archival tags such as geolocators
(Rushing et al., 2021). In the live-reencounter model, reencounter
probabilities were not informed by any other dataset and absorbed
heterogeneities between non-breeding regions, including the vari-
ance due to survival (Korner-Nievergelt et al., 2010). However, a
similar structure to the dead-recovery model could be adopted to
disentangle survival and ring-resighting probabilities, so that live-
reencounter data also informs survival in the non-breeding regions
(Cohen et al., 2014). With the appropriate data (repeated counts

for each year), the observation error of the population count model
could also be modelled as country- or region-specific detection prob-
abilities, allowing to further account for heterogeneities between
regions in monitoring (Kéry & Schaub, 2012). Second, the model
units we used consider migratory movements between clearly iden-
tified populations. For species with a continuous distribution range,
methodologies to identify meaningful units within their distribution
range, or the inclusion of continuous-space approaches would be
beneficial (Hobson et al., 2014; Schirmer et al., 2023). This would
release assumptions about homogeneous recapture probabilities
within regions (Korner-Nievergelt et al., 2017) and make transition
probabilities and demographic estimates more informative than in
a large-scale diffuse system. Third, we did not consider dispersal
between regions. For species exhibiting dispersal, a population or
capture-mark-recapture model incorporating dispersal parame-
ters should be necessary to obtain unbiased estimates of migratory
connectivity. Dispersal might be particularly important to consider
when investigating migratory connectivity between smaller regions,
a scale at which movements between breeding regions can be de-
tectable and quantitatively affect migratory connectivity. Finally,
individual or environmental covariates affecting migration move-
ments, population numbers, fecundity and/or survival in the breed-
ing and non-breeding seasons could be added to bridge the gap with
full-annual cycle models (Hostetler et al., 2015).

Producing unbiased estimates of migratory connectivity and
region-specific demographic parameters with improved precision
when data are scarce, the ICPM provides a novel perspective to
investigate the interaction between migration and demographic
patterns. The framework we present is built on tools that exist in
both fields of migratory connectivity and population dynamics. Our
example of ICPM combines various migratory connectivity data for
illustration purpose, but in most cases a reduced form may provide
most of the observed benefits of the integrated model. For instance,
dead-recovery data in the non-breeding regions would likely pro-
vide much of the observed improvement in breeding survival and
fecundity estimates for species with high, homogeneous mortality
and recovery rates. The flexibility of this framework also allows
the modelling of diverse population structures, and the inclusion of
various data already integrated in either field, including isotope or
genetic signatures that provide information on migratory connectiv-
ity at large-scale (Ruegg et al., 2017; Von Ronn et al., 2020) or pro-
ductivity data from breeding monitoring (Abadi, Gimenez, Ullrich,
et al., 2010). The possibilities offered by such a flexible framework
provide food for thought for the collection of migratory connectiv-
ity data (Hobson et al., 2014), which could be complemented by the
collection of environmental and demographic data throughout the
migration cycle.
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