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ARTICLE

Insights from genetic and demographic connectivity for
the management of rays and skates
Florianne Marandel, Pascal Lorance, Marco Andrello, Grégory Charrier, Sabrina Le Cam, Sigrid Lehuta,
and Verena M. Trenkel

Abstract: Studying demographic and genetic connectivity can help assess marine metapopulation structure. Rays and skates
have no larval phase; hence, population connectivity can only result from active movement of individuals. Using thornback ray
(Raja clavata) in European waters as a case study, demographic and genetic connectivity were studied for 11 putative populations
with unequal population abundances and two hypotheses of dispersal rates. Genetic simulation results highlighted three large
metapopulations: in the Mediterranean, around the Azores, and on the Northeast Atlantic shelf. Demographic results high-
lighted a finer population structure indicating that several pairs of putative populations might be demographically linked.
Results were highly sensitive to dispersal assumptions and relative population abundances, which provided insights into the
potential magnitude of genetic and demographic connectivity differences. Accounting for demographic connectivity appears to
be crucial for managing and conserving rays and skates, while genetic connectivity provides a longer-term perspective and less
subtle spatial structures. Moreover, accounting for heterogeneity in population abundances is a key factor for determining or
interpreting metapopulation connectivity.

Résumé : L'étude de la connectivité démographique et génétique peut aider à évaluer la structure des métapopulations marines.
Les raies n’ont pas de stade larvaire, de sorte que la connectivité des populations ne peut découler que de déplacements actifs
d’individus. Utilisant le cas de la raie bouclée (Raja clavata) dans les eaux européennes, nous avons étudié la connectivité
démographique et génétique pour 11 populations présumées en simulant des abondances inégales des populations ainsi que
deux hypothèses de dispersion. Les résultats des simulations génétiques font ressortir trois grandes métapopulations, une dans
la Méditerranée, une autour des Açores et une sur le plateau continental de l’Atlantique nord-est. Les résultats démographiques
font ressortir une structure de populations plus fine qui indique que plusieurs paires de populations présumées pourraient être
reliées du point de vue démographique. Les résultats sont très sensibles aux hypothèses concernant la dispersion et aux
abondances relatives des populations, ce qui fournit de l’information sur l’ampleur possible des différences de connectivité
génétique et démographique. La prise en considération de la connectivité démographique semble revêtir une importance clé
pour la gestion et la conservation des raies, alors que la connectivité génétique fournit une perspective à plus long terme et des
structures spatiales moins fines. La prise en considération de l’hétérogénéité de l’abondance des populations constitue en outre
un facteur clé pour déterminer ou interpréter la connectivité de métapopulations. [Traduit par la Rédaction]

Introduction
Population connectivity is a crucial parameter to take into ac-

count when defining population units relevant for management
and conservation purposes (Stearns and Hoekstra 2005; Sinclair
et al. 2006; Schwartz et al. 2007). Population units relevant for
management purposes are commonly defined using ecological
and genetic information. For example, the degree of connectivity
between populations can be assessed by the amount of exchanged
individuals (Waples and Gaggiotti 2006). By reproducing in the
population they joined, these individuals contribute to the local
demography but also transfer their genetic material into the gene

pool, thus inducing gene flow among populations. A metapopula-
tion is a network of local populations that exchanges individuals
but has somewhat independent dynamics (Levins 1969). Deter-
mining how many local or metapopulations exist and charac-
terizing the relationships among them is a challenging task.
Numerous definitions of the population concept exist (see Waples
and Gaggiotti 2006). Almost all involve interbreeding individuals
over a geographical area. However, they lack objective and quan-
titative criteria for delimiting distinct populations. In this con-
text, different researchers might identify different population
structures based on the same information (Waples and Gaggiotti
2006).
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Population connectivity has two components: genetic and de-
mographic. Genetic connectivity is defined as the degree to which
gene flow affects evolutionary processes within populations, and
demographic connectivity is the relative contribution of dispersal
to population dynamics (Lowe and Allendorf 2010). The two com-
ponents inform on population connectivity at evolutionary and
ecological time scales, respectively. For example, high genetic
connectivity does not necessarily imply high demographic con-
nectivity and that a single unit should be considered for manage-
ment (Hawkins et al. 2016).

On one hand, genetic connectivity is often derived from the
measure of genetic differentiation between populations shaped
by the interplay of the four evolutionary forces (gene flow, genetic
drift, selection, and mutation; Hallerman 2003; Stearns and
Hoekstra 2005). Their respective magnitude is greatly dependant
on population abundance, and only gene flow is relevant as the
genetic component of population connectivity. Therefore, de-
pending on the population abundance, genetic differentiation
can be a poor proxy of gene flow. For example, in the case of large
populations, genetic differentiation can remain weak despite re-
duced levels of gene flow because of a very low genetic drift. In
studies of genetic population structure, the absolute number of
migrants is used preferentially to the migration rate, as it conveys
information on population abundance, i.e., census population
size (Palumbi 2003). However, knowledge on population abun-
dance is often lacking, especially for marine populations.

On the other hand, demographic population structure greatly
depends on life history traits. Indeed, following the definition
above of demographic connectivity, demographically connected
populations display intrinsic growth or survival rates that are
reciprocally affected by immigration or emigration (Lowe and
Allendorf 2010). Thus, evaluation of demographic connectivity re-
quires information on the contribution of dispersal but also on
the demographic rates and abundance of each population. This
information is not only needed for assessing the effect of dispersal
on population growth rates but also for defining threshold values
for demographic connectivity. Despite the importance of demo-
graphic connectivity for defining management units, defining ap-
propriate thresholds for demographically connected populations
has received relatively little attention in the literature (Waples
and Gaggiotti 2006; Waples et al. 2008). Importantly, for both
genetic and demographic connectivity studies, dispersal is a cen-
tral process that we define as an individual leaving the home
range of its birth population to move to another population’s
home range, the movement being one way and not a round trip
(Dingle 2014).

In this study, we evaluated the use of genetic and demographic
connectivity for identifying management units of rays and skates.
Bycaught in several fisheries, many populations of skates and rays
have declined, sometimes strongly, in the Northeast Atlantic dur-
ing the 20th century (Quéro and Cendrero 1996; Dulvy et al. 2014).
Therefore, the conservation of these species has become a major
objective for ensuring sustainable exploitation of marine re-
sources (Dulvy et al 2014; Davidson et al. 2016). For reaching this
objective, it is fundamental to delimit appropriate management
units. However, for many species, available data are restricted to
life history traits (though not always available for all populations),
landings, and, only in some cases, survey time series informing on
abundance changes (ICES 2016). In European waters, recent land-
ings levels of most ray and skate species differ greatly among the
southern North Sea, the western Mediterranean Sea, and the
Azores, which can be considered indicative of differences in pop-
ulation abundances, as there are no species-specific catch quotas
in place for these species (Fig. 1a) (ICES 2016).

In contrast with teleosts, rays and skates have a low potential
for dispersal and thus gene flow. They produce few offspring that
develop in egg capsules fixed to the seabed during several months
(Hoening and Gruber 1990). As there is no pelagic larval stage that
can be dispersed by marine currents, the dispersal of rays and
skates is solely based on the movements of juveniles and (or)
adults. Ovenden (2013) argued that due to dispersal happening at
later life stages, elasmobranch species might present crinkled
connectivity, which she defined as a situation where dispersal is
large enough to make populations genetically similar but too
small to matter for demographic connectivity.

For several medium-sized ray species, comparable degrees of
movement between adjacent populations have been observed
(Walker et al. 1997; Hunter et al. 2005a, 2005b; Stephan et al. 2015).
However, for two ray species sharing similar life history traits and
overlapping spatial ranges, genetics studies have indicated dis-
tinct structuring patterns. The thornback ray (Raja clavata) seems
to display strong spatial genetic differentiation (Chevolot et al.
2006), while the thorny skate (Amblyraja radiata) presents only
weak although statistically significant differentiation (Chevolot
et al. 2007). These contrasting results could be due to differences
in dispersal behavior, despite similar biology, along the continen-
tal shelf edge, which might not constitute a barrier for thorny
skate but it could be one for thornback ray (Chevolot 2006). How-
ever, while dispersal is a necessary condition for connectivity, it is
not sufficient because dispersed individuals need to reproduce in
the receiving population. So the difference could also be caused by
differential integration into the spawning components.

In this study, we evaluated the use of genetic and demographic
connectivity for identifying management units of rays and skates.
We use the term “putative population” for assumed populations
occurring at discrete sampling locations. Demographic and ge-
netic criteria are applied to these putative populations to evaluate
their connectivity. We used a modelling approach with life his-
tory parameters resembling those of thornback ray, a typical
widespread ray species in European waters. This species is the
most studied ray in the Northeast Atlantic. Its biological parame-
ters are representative for medium-bodied skates and rays (refer
to online Supplementary Table S11). Similar to other rays and
skates, local abundances of thornback ray differ strongly, taking
recent landings as an indication of population abundances (Fig. 1a).
As no reliable dispersal rate estimates were available on a
European scale (but see Walker et al. 1997 for regional dispersal
values), we defined plausible scenarios based on expert knowl-
edge. Genetic connectivity was evaluated by calculating the fixa-
tion index FST defined by Wright (1949). In contrast, we did not
evaluate demographic connectivity sensus stricto, as the effect of
dispersal on population growth rates was not investigated di-
rectly. Instead, we evaluated whether the number of dispersed
individuals was likely to contribute to local population abun-
dances. In addition, using a matrix model we identified the life
history parameters and life stages to which the population growth
rate was most sensitive. These results provided context for inter-
preting the importance of dispersal for population growth.

Materials and methods

Life history parameters and intrinsic population growth

Usher matrix model
To appraise the potential importance of dispersal for popula-

tion dynamics of a thornback ray-like species, we studied the
sensitivity and elasticity of intrinsic population growth rate to
variations and uncertainty in life history traits. To this aim we
used an Usher matrix model (Usher 1966). The model consisted of
four life stages grouping ages with similar demographic parameters:

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2017-0291.
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Fig. 1. (a) Standardized mean landings 2013–2015 ((value – min.)/(max. – min.)) of ten skate and ray species from the Northeast Atlantic grouped by spatial distribution pattern (spatial
units as in panel (b)). Spatial units considered as single stocks by the International Council for Exploration of the Sea are connected by solid lines. (b) Thornback ray putative populations
with dispersal paths (black solid lines). 200 m isobaths are shown in grey. Figure created using R statistical software and the “PBSmapping” package (Schnute et al. 2017).
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stage 1 included age 1 individuals, stage 2 ages 2 to 6 (immature),
stage 3 ages 7 to 11 (mature individuals), and stage 4 ages 12 years
and older (highly fecund mature individuals).

(1) Nt�1 � UNt, U � �
0 0 S0 f3 S0 f4
S1 S2(1 � H2) 0 0
0 S2H2 S3(1 � H3) 0
0 0 S3H3 S4

�
where Nt is the vector of abundance by life stage, and U is the
transition matrix. Each life stage s has a specific survival rate Ss. A
maturation rate H2 between stages 2 and 3 was derived from ex-
pert knowledge. S0 is first year survival (from egg laying to 1 year).
Fecundity was assumed to depend on the number of eggs �s pro-
duced and the proportion of females P� (fs = �sP�). Stage 3 was
assumed less fecund than stage 4; this was achieved by setting the
number of eggs to �3 = 0.7�4. So H3 represents an increase in the
rate of fecundity between stages 3 and 4. A sex ratio of 1:1 was
assumed (P� = 0.5), which is typical for rays and skates (Steven
1933; Ellis and Shackley 1995; Delpiani 2016).

Survival rate estimates were obtained in the following way.
First, size-at-age La was estimated using the von Bertalanffy equa-
tion with growth parameters t0, K, and L∞ from the literature
(Serra-Pereira et al. 2008). Second, mortality-at-age Ma was esti-
mated using the empiric relationship developed by Gislason et al.
(2010):

(2) ln(Ma) � 0.55 � 1.61 ln(La) � 1.44 ln(L∞) � ln(K)

Third, mortality Ma was transformed to survival-at-age Sa =
exp(–Ma). To account for senescence, survival was reduced from
age 12 onwards (Fig. S1 in electronic Supplementary material1).
Survival by life stage was calculated by averaging over the corre-
sponding ages (except for S1). As no information was available for
first year survival (S0), the value was chosen to lead to a stable
population. All baseline parameter values are summarized in
Table 1.

Elasticity and sensitivity analyses
At equilibrium, the first positive eigenvalue of U (eq. 1) corre-

sponds to the intrinsic population growth rate �. Local elasticity
and global sensitivity analyses were conducted to identify the life
history parameters and life stages the value of � was most sensi-
tive to.

Elasticity represents the relative change in population growth
rate in response to a certain relative change in vital rate parame-
ters Pi � (�4, S0, S1, S2, S3, S4, H2, H3). Thus, elasticity can be com-

pared for parameters of different unit, such as survival rates Ss (0 ≤
Ss ≤ 1) and the number of eggs (0 ≤ �4).

Elasticity E of population growth rate � to changes in parame-
ter P was defined as follows (Caswell 2001):

(3) E �
Pi

�
��
�Pi

Two types of parameter value changes were tested one param-
eter at a time: alternative parameter values based on available
data or expert guess and a ±10% change of all baseline parameter
values (Table 1).

The global sensitivity analysis was carried out using the Morris
(1991) method improved by Campolongo et al. (2007) and Pujol
(2009). The method consists of calculating successively the so-
called elementary effect, which corresponds to the change in the
intrinsic population growth rate � when the current value of Pi is
changed successively by adding or subtracting �i along trajecto-
ries, holding all other parameter values constant, divided by �i:

(4) di(P) �
�(P�i

) � �(P)

�i

The step size �i for each parameter was defined as

(5) �i �
max(Pi) � min(Pi)

k

These elementary effects are computed at various locations of
the parameter space so interaction effects can be evidenced. Here,
k = 0 was used and rather extreme maximum and minimum pa-
rameter values were chosen (Table 1). The method uses an efficient
sampling design that led to 16 200 estimates of di(P). These were
then summarized by calculating for each parameter Pi the mean
of absolute effects �i

∗ � |di�P�|̄, which quantifies sensitivity, and
the variance 	2, which informs on the strength of interactions. All
calculations were carried out in R using the package “sensitivity”
setting the number of elementary effect computed per factor
to 1800 (V1.14.0; Pujol et al. 2014). Calculations were repeated
10 times to ensure convergence.

Evaluating connectivity

Dispersal between putative populations
For evaluating demographic and genetic connectivity, 11 puta-

tive populations of thornback ray were assumed, based mainly on

Table 1. Parameters values used in the Usher matrix model for the local elasticity as well as the
minimum and maximum values used for the global sensitivity (Morris) analysis.

Morris method

Parameter Description
Baseline
value

Alternative
value Min. Max.

�4 No. of eggs stage 4 150a 48b 40 150
S0 Egg and newborn survival 0.036c 0.01 0.01 0.5
S1 Survival stage 1 0.20c 0.40 0.1 0.99
S2 Survival stage 2 0.69c 0.40 0.1 0.99
S3 Survival stage 3 0.81c 0.90 0.1 0.99
S4 Survival stage 4 0.48c 0.90 0.1 0.99
H2 Maturation rate stage 2 0.2d 0.3 0.05 1
H3 Rate of fecundity increase stage 3 0.1d 0.2 0.05 1

aHolden et al. 1971.
bEllis and Shackley 1995.
cDerived in this study.
dEducated guess.
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expert judgement and results from a population genetics study
(Chevolot et al. 2006) (Fig. 1b). Only a few tagging studies were
available for medium-sized skate and ray species, but all showed
recapture or travelling distances less than 150 km (Supplementary
Table S11; Walker et al. 1997; Hunter et al. 2005a, 2005b). The
International Council for the Exploration of the Sea (ICES) cur-
rently assesses several of these 11 putative populations together
(Table 2).

To create the matrix of dispersal probabilities between the
11 putative populations, we first traced the pairwise shortest ma-
rine geographical distances (Fig. 1b) and set low dispersal rates
between populations separated by depths greater than 200 m, as the
modelled species is found in shallower waters (Quéro and Vayne
1997). Given the lack of information on potential migrations be-
tween the 11 putative populations, two somewhat arbitrary dis-
persal scenarios were tested. The first scenario corresponded to a
strong potential for dispersal and the second to a more sedentary
behavior. In the first scenario, the dispersal probability between
adjacent populations i and j was set to dij = 0.1 between putative
populations WC and Ir and BC and EC (see Fig. 1b) and to 0.2 for the
other adjacent populations. Dispersal probabilities between more
distant populations were obtained by accounting for the number
of populations between the origin and arrival population along
the dispersal tracks in Fig. 1b, e.g., dispersal between WB and CS
populations via BoB was set to 0.2 × 0.2 = 0.04. The probability to
remain in the same population was calculated as dii � 1 �

� j�1
10 dij; it decreased with increasing number of direct neighbours.

Note that in this scenario dispersal probabilities were symmetri-
cal, i.e., dij = dji. The full dispersal matrix can be found in Supple-
mentary Table S21.

In the second dispersal scenario, the probability dii to remain in
the same population was fixed between 0.75 and 0.99 according to
the size of the neighbourhood, with smaller values for geograph-
ically more central populations. Dispersal probabilities dij were a
linear function of distance between populations, rescaled so that
the sum of all probabilities summed to 1 (Supplementary Table S31).
This implied nonsymmetrical dispersal probabilities, i.e., dij ≠ dji. The
two dispersal matrices were used for studying demographic and ge-
netic connectivity (Figs. 2a, 2b).

For genetic connectivity estimation (see below), dispersal was
assumed to occur before the first birthday of egg laying only. This

is equivalent to assuming that each individual reproduces in one
population only during its life, either in its native population or in
the one it dispersed to. This type of behavior has been observed for
several fish species, with individuals breeding several years in
the same area (Dittman and Quinn 1996; Feldheim et al. 2014;
Bonanomi et al. 2016). For example, Bonanomi et al. (2016) found
that Atlantic cod (Gadus morhua) can disperse more than 1000 km
from their place of birth and spend several years growing in the
place they dispersed to before returning as mature individuals
to their place of birth for breeding. Natal philopatry is well-
described for sharks (Feldheim et al. 2014) but not for skates and
rays. However, for the thornback ray, a study using data storage
tags indicated that most individuals were philopatric with a max-
imum travelling distance of 130 km (Hunter et al. 2005a, 2005b).

Table 2. Mean landings of thornback ray for the period 2013–2015, simulated population sizes for the 11 studied locations, ICES stock identity for
nine locations (Mediterranean stocks are not covered by ICES), and membership of putative populations to genetic and demographic units derived
from modeling results (see text) for dispersal scenarios 1 (SC1) and 2 (SC2).

Genetic units
(Gu)

Demographic
units (Du)

Code Location (ICES division)
Landings
(tonnes)

Simulated
population size ICES stock identity SC1 SC2 SC1 SC2

NS North Sea (4c) 427.3a 125 000 rjc-347d Gu1 Gu1 Du1 Du1
EC Eastern Channel (7d) 1112.9a 300 000 rjc-347d Gu1 Gu1 Du1 Du1
BC Bristol Channel (7fg) 549.4a 165 000 rjc-7afg Gu1 Gu1 Du1 Du1
WC Western Channel and

Southern Celtic Sea (7he)
378.9a 90 000 rjc-echw Gu1 Gu1 Du1 Du1

Ir Ireland (7bcjk) 204.0a 50 000 Grouped with other
Rajidae

Gu1 Gu1 Du1 Du1

BoB Bay of Biscay (8ab) 241.4a 60 000 rjc-bisc Gu1 Gu1 Du1 Du2
CS Cantabrian Sea (8c) 204.9a 60 000 rjc-bisc Gu1 Gu1 Du1 Du3
SP South Portugal (9a) 840.4a 215 000 rjc-pore Gu1 Gu1 Du1 Du3
Az Azores (10) 180.0b 50 000 Grouped with other

Rajidae
Gu2 Gu2 Du2 Du4

GoL Gulf of Lion 15.2c 10 000 NAd Gu3 Gu3 Du3 Du5
Co Corsica NA 10 000 NAd Gu4 Gu4 Du4 Du6

aICES 2016.
bUnpublished data.
cFAO 2016.
dNot covered by ICES.

Fig. 2. Dispersal probabilities applied for dispersal scenarios 1 (a)
and 2 (b) and population abundances assumed for genetic and
demographic connectivity studies (c). For population abbreviations,
see Fig. 1b.
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Population abundance
To derive population abundances for the 11 putative popula-

tions, recent international landings were used (ICES 2016; FAO
2016). The Eastern (English) Channel (EC) population had the high-
est landings and the Gulf of Lion population the lowest (Table 2;
Fig. 1a). As little regional information was available, landings in
biomass were considered reflecting relative population abun-
dances in numbers. For computational reasons, the maximum
population abundance, corresponding to the population in the
EC, was fixed to 300 000 individuals; this is of course much
smaller than the actual population size. The abundance of the
other populations, except for the two Mediterranean populations,
was then set applying the ratio between their landings and those
of the EC. For the two Mediterranean populations, instead of the
corresponding number of individuals, 10 000 individuals were as-
sumed to avoid too small numbers (Table 2; Fig. 2c). These popu-
lation abundances will be referred to as N0 below.

Genetic connectivity
Among the many simulators available for population genetics

studies, only a few are designed to account for complex life histo-
ries and large population abundances. The R package MetaPopGen
(v3.1.2; R Development Core Team 2008; v0.0.4; Andrello and
Manel 2015) is such a simulator; it can simulate population ge-
netic data for species with complex life history traits (overlapping
generations, age-specific survival and fecundity, etc.) in a reason-
able time but can simulate only one locus.

The simulations were set up to follow as much as possible the
life cycle of medium-sized rays and skates taking the thornback
ray as model. Yearly, each mature individual produced gametes ac-
cording to its fecundity and sex. Fecundity was fixed to 140 gametes
for females and 10 000 for males to represent the situation where
female gametes are limiting reproduction. Gametes were subject
to mutation, with a mutation rate of 1E-06, and fused into eggs
with a particular sex and genotype. The dispersed newborns be-
came part of a new population following a recruitment function,
which was adapted to correspond to mortality from hatching to
age 1. Survival-at-age was as in Supplementary Fig. S11.

For both dispersal scenarios, the 11 putative populations were
simulated for 10 000 years, repeating the simulations 200 times.
This time horizon was selected to study long-term effects of ge-
netic differentiation since the last glacial maximum (Hewitt 2000).
Population abundances remained constant at N0 throughout the
whole simulation period (Table 2). Dispersal probabilities varied be-
tween populations but were constant during the 10 000 years, as no
information on changes in dispersal was available.

For each replicate, one neutral biallelic locus was simulated
with an allelic frequency of 0.5 for all populations at the begin-
ning of the simulation (year 0). As our aim was to identify man-
agement units based on genetic measures calculated for the
whole population (observation errors were ignored) in a simula-
tion framework, one locus was sufficient. Note that the 200 repli-
cates cannot be considered as 200 independent loci, as each
replicate had a different number of individuals in year t due to the
stochasticity of population and genetic inheritance dynamics. The
11 putative populations were initially undifferentiated in all rep-
licates.

Global and pairwise genetic differentiation between putative
populations was estimated using the fixation index FST (Hamilton
2009) for each replicate and simulation year:

(6) FST � (HT � HS)/HT

where HT is the heterozygosity in the pooled putative populations,
and HS is the mean heterozygosity in each population. Mean and
median global FST were calculated over the 200 replicates.

To evaluate the contribution of the difference in abundance to
genetic differentiation, we also simulated 11 putative populations
with identical population abundances (10 000 individuals). From
this simulation we selected population pairs leading to FST > 0.001;
FST < 0.001 were considered to indicate absence of genetic differ-
entiation, in which case differences in abundance cannot play a
role. This threshold value was obtained from the relationship
between pairwise FST values and the mean number of migrants
between pairs (see Results).

The effect of differences in abundance on FST values was evalu-
ated by calculating the ratio between the FST values of the selected
pairs (FST > 0.001) for simulations with identical abundance and
for simulations with different abundances as described above.
These ratios of FST values were then linearly regressed on the
absolute difference in abundance between pairs of exchanging
populations.

Demographic connectivity
For studying global demographic connectivity C for each puta-

tive population i, the relative change in abundance after a single
dispersal event was calculated as

(7) Ci �
�N0i�j≠i

dij � �j≠i
djiN0j

N1i

where N0i is the abundance before the dispersal event for popula-
tion i (see Table 2), N1i is the abundance after the dispersal event
for population i, and dij is the dispersal rate from population i to
population j as described above. This approach was chosen as life
history parameters were not available for all putative popula-
tions, making it impossible to use a more detailed dynamic mod-
elling approach. Further, considering a short-term perspective is
in line with the requirement that exchanges between connected
populations have to occur in most years for using them as basis for
defining management units (Hawkins et al. 2016).

The origin of individuals in each population i after a single
dispersal event was then investigated by calculating the propor-
tion of individuals in population i that came from population j,
Pi|j, as follows:

(8) Pi|j �
N0jdji

N1i

This metric Pi|j is referred to as pairwise demographic connec-
tivity.

Waples and Gaggiotti (2006) and Palsbøll et al. (2007), based on
Hastings (1993), considered that populations linked by ≥10% mi-
grants should be assigned to the same management unit. We
therefore compared pairwise demographic connectivity esti-
mates Pi|j with the threshold value of 0.1. This choice is somewhat
arbitrary and will be discussed below.

To evaluate the contribution of the difference in abundance to
demographic connectivity, we also calculated the pairwise demo-
graphic connectivity between the 11 putative populations with
identical population abundances (10 000 individuals). Then, we
selected population pairs leading to Pi|j > 0.1. As for genetic con-
nectivity, the effect of differences in abundance on the demo-
graphic connectivity values was evaluated by calculating the ratio
between the Pi|j values of the selected pairs with identical abun-
dance and the Pi|j values of the same pairs with different abun-
dance. These ratios of Pi|j values were then linearly regressed on
the difference in abundance between pairs of exchanging popu-
lations.
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Results

Life history parameters and intrinsic population growth
Using the reference parameter values in the Usher matrix

model, at equilibrium, 41% of individuals were 1 year old (stage 1),
39% immature (stage 2), and 20% mature (stages 3 and 4), among
which 13% belonged to the stage 4 category representing mature
individuals with a larger number of eggs.

Local elasticity analysis identified the survival of stage 3 indi-
viduals (S3) as the parameter to which intrinsic population growth
was the most reactive, while it was least reactive (and reacting
negatively) to the rate of fecundity increase from stage 3 to
stage 4 (H3) (Fig. 3a); similar results were obtained for the set of
alternative parameter values and when varying parameter values
by ±10%. All elasticity values were <0.2 except for S3 and S2, thus
indicating a degree of robustness to parameter value changes.

Results of the global sensitivity analysis (Morris method) dif-
fered from the local elasticity analysis (Fig. 3b). S0 was the param-
eter with the highest influence on intrinsic population growth (�)
changes and the highest strength of interactions (large 	2), di-
rectly followed by S1, S2, and H2. Changes in parameters S3, S4, and
H3 had little influence on �. These parameters interacted little,
with the smallest value for 	2 reached by H3. The influence of the
number of eggs �4 was intermediate.

From these complementary analyses, it appeared that survival
rates of immature individuals (S0, S1, and S2) were the parameters
to which the population growth rate was most sensitive. On the
other hand, parameters linked to the mature stages (S3, S4, and H3)
appeared less important in terms of contribution to changes in �
and interactions with others parameters.

Genetic connectivity
Two hundred replicates were sufficient to capture stochastic

variations (not shown). The median final global differentiation
index (FST) between the 11 putative populations after 10 000 years
of divergence was low, 0.014 (95% confidence interval (CI): 0.0010–
0.044) and 0.013 (95% CI: 0.0012–0.042) for dispersal scenario 1
(strong dispersal) and scenario 2 (strong sedentary behavior), re-
spectively (solid lines, Figs. 4a and 4b). For both scenarios, simu-
lated FST trajectories varied strongly among replicates leading to a
standard deviation between replicates of 0.12 in the final year.
Note that even after 10 000 years of simulation, no equilibrium
was reached.

Plotting mean pairwise FST values after 10 000 years against the
mean number of migrants revealed that FST values were >0.001 for
small number of migrants (<5 individuals) between population
pairs (Fig. 5a). The threshold value 0.001 was therefore used for
identifying genetically disconnected populations. Note that small
pairwise FST values occurred even though there were very few
pairwise migrants (pairs in bottom left corner of Fig. 5a with

<1 migrant). This is due to the existence of multiple connections
for certain populations.

For both dispersal scenarios, analysis of pairwise genetic differ-
entiation between putative populations revealed high genetic dif-
ferentiation between the Azores (Az) and the other populations
(FST > 0.03 after 10 000 years; Figs. 4c and 4d). Mediterranean
populations (GoL and Co) were also differentiated from the other

Fig. 3. (a) Local parameter elasticity and (b) global Morris sensitivity
analysis results for the Usher matrix model for thornback ray. For
parameter definitions and values, see Table 1.

Fig. 4. Density of simulated global genetic differentiation FST for
200 replicate trajectories for dispersal scenarios 1 (a) and 2 (b).
Black solid line: median; black dotted line: mean; grey solid line:
maximum. Index of pairwise genetic differentiation FST between all
pairs of populations at the end of the simulations (10 000 years)
averaged for 200 replicates for dispersal scenarios 1 (c) and 2 (d). For
population abbreviations, see Fig. 1b.

Fig. 5. (a) Mean pairwise FST of simulations plotted against the
mean number of annual migrants from population i to population j
and vice versa and (b) ratio between pairwise FST of simulations with
identical abundance for all populations and pairwise FST > 0.001 of
simulations with different abundances as a function of the pairwise
difference of these abundances. In panel (a), the continuous
horizontal line indicates the threshold value of 0.001 used in this
study. Note that the x axis in panel (a) was cut at 30 migrants; all FST

values beyond this value are below the threshold value. All
population pairs have a single simulated FST value but two sets of
number of migrants (one in each direction), which are linked by
lines. SC; dispersal scenario.
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populations (mean FST > 0.035). This was not surprising given the
assumed geographic isolation of both the Az and Mediterranean
populations. Mediterranean populations were more differenti-
ated (FST ≈ 0.1) from the Az population than from Atlantic popu-
lations mainly due to lower assumed dispersal rates but also due
to smaller population sizes (Figs. 4c and 4d). The simulations with
identical populations sizes (10 000 individuals) confirmed that in
this case genetic differentiation patterns were driven by the as-
sumed dispersal patterns, with Mediterranean populations being
again more differentiated from Az compared with the Atlantic
populations (not shown).

For dispersal scenario 1, after 10 000 years, Atlantic populations
(except Az) were not genetically differentiated from each other,
i.e., pairwise FST values were ��0.001 (Fig. 4c; Table 2). Only South
Portugal (SP) presented a weak genetic differentiation from more
northern populations (FST = 0.0005 compared with 0.00002 be-
tween the northern populations). The two Mediterranean popula-
tions formed two units with low genetic heterogeneity (FST = 0.002).

For dispersal scenario 2, Atlantic populations (except Az) were
more structured (globally higher FST value than for scenario 1) but
not genetically differentiated from each other applying the
threshold value of 0.001 (Fig. 4d; Table 2). Using a lower threshold
of FST > 0.0001 for determining populations, Atlantic populations
appeared more structured with two groups (Supplementary
Table S51). In this case the northern group was composed of the
North Sea (NS), the EC, the Bristol Channel (BC), and the Ire-
land (Ir) populations. The southern group was composed of the
Cantabrian Sea (CS) and SP. Finally, the Bay of Biscay (BoB) popu-
lation was differentiated with all other populations except the
Western Channel (WC) population.

The two patterns of genetic differentiation between the 11 putative
populations primarily but not exclusively reflected dispersal pat-
terns, as relative differences in population sizes also played a role.
For example, in scenario 1, differentiation between Az and EC was
weaker than differentiation between Az and BoB despite an iden-
tical dispersal rate. To visualize this abundance effect, the ratio of
FST values obtained assuming identical population abundances
and population-specific abundances (N0) was regressed against the
absolute value of the difference in population-specific abun-
dances. For both dispersal scenarios, this relationship was linear
and rather similar (Fig. 5b). Thus, the difference found in the
pairwise FST of the Az population with EC compared with BoB was
due to the difference in abundance (Figs. 4c and 4d).

Demographic connectivity
The two dispersal scenarios led to qualitatively similar results

in terms of global demographic connectivity, i.e., annual net con-
tributions of dispersing individuals to the different putative pop-
ulations (Figs. 6b and 6d and Supplementary Tables S6 and S71).
The biggest source population was the EC, which had an annual
net loss of –15% and –4% for dispersal scenario 1 (strong dispersal)
and scenario 2 (strong sedentary behavior), respectively. The an-
nual net losses for the BC population were –7% and –2% for disper-
sal scenarios 1 and 2, respectively. For SP, these were –1% and –4%,
respectively. Az, East Corsica (Co), and Gulf of Lion (GoL) popula-
tions had minor exchanges with the other populations, while all
other populations experienced net gains for both dispersal scenar-
ios. More precisely, the populations near Ir and in WC (including
Southern Celtic Sea) gained most under dispersal scenario 1 (+18%
and +16%), while for dispersal scenario 2 the biggest net gain was
found for the CS population (+12%), followed by the Ir population
(+10%).

Considering only population pairs linked by pairwise demo-
graphic connectivity of more than the 10% threshold value, 13 pairs
of demographically closely linked populations emerged for dis-
persal scenario 1 (Fig. 6a). Three pairs exchanged reciprocally
more than 10% of individuals: (i) the EC and the NS, (ii) the EC and
the BC, and (iii) the BoB with the CS. For the two first pairs, if we

look at net exchanges, the EC appeared to be a source while the NS
and the BC were sinks. For the seven other pairs, only one of the
two received more than 10% of individuals from the other (Fig. 6a):
BC and EC, WC and EC, Ir and BC, Ir and WC, BoB and EC, BoB and
WC, and CS and SP (the first populations is the sink and the second
the source). In summary, for scenario 1 the English Channel was

Fig. 6. Pairwise percentage of individuals exchanged by putative
population i (rows) with population j (columns), i.e., pairwise
demographic connectivity for dispersal scenarios 1 (a) and 2 (c).
Overall net percentage of individuals lost (negative value) or gained
(positive value) by each putative population are also shown for
dispersal scenarios 1 (b) and 2 (d). For geographic location of
populations, see Fig. 1b. (e) Ratio between pairwise demographic
connectivity of population with identical abundance and pairwise
demographic connectivity of population with different abundances
as a function of the pairwise difference of these abundances. SC:
dispersal scenario.
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the main source of individuals for the other putative Northeast
Atlantic populations.

For dispersal scenario 2, only five pairs of demographically
closely linked populations (>10%) emerged (Fig. 6b): NS and EC, BC
and EC, WC and EC, Ir and BC, and SC and SP (the first population
is the sink and the second the source). None of the links were
reciprocal. Overall in this scenario, populations appeared to be
less connected, and the main sources appeared to be SP and again
EC, which were also populations with the highest assumed abun-
dances.

Based on these results, a number of groups of linked popula-
tions emerged where each group could be considered to represent
a single metapopulation (Table 2). For dispersal scenario 1, four
metapopulations could be identified: the first one comprising the
Northeast Atlantic populations from the NS to the SP, the second
one being constituted by the Az, and the last two by the two
Mediterranean populations (GoL and Co). Focusing only on recip-
rocal links (>10% for both receiving and donor population), the
four previous metapopulations subdivided into eight: NS together
with EC; BC together with WC, Ir, and BoB; CS together with S, Az,
and GoL; and finally Co. In contrast, for scenario 2, six metapopu-
lations emerged (Fig. 6c). The first one grouping populations from
the NS to Ir, the second one including only BoB, the third one
grouping CS and SP, while the fourth to the sixth metapopula-
tions were similar to those found for scenario 1 (Az, GoL, Co).
Again considering only pairs with reciprocal links, all 11 putative
populations were demographically independent and hence
should be managed separately under this dispersal scenario.

Abundance differences also played a role for demographic con-
nectivity (Fig. 6e). To visualize this abundance effect, the ratio of
Pi|j values obtained assuming identical population abundances,
and population-specific abundances (N0) were regressed against
the difference in population-specific abundances (not absolute
difference as for genetic connectivity; Fig. 6e). For both dispersal
scenarios, this relationship was linear and positive, though rather
weak for scenario 2 in contrast with genetic connectivity for
which no difference between scenarios was found (Fig. 5b).

Discussion

Population growth
Analyzing the elasticity and sensitivity of the intrinsic popula-

tion growth rate in the Usher matrix model for a thornback ray-
like species, we found that it was most sensitive to survival from
egg laying to stage 1 (S0), followed by the survival of stages 1 and 2
(S1 and S2), and least sensitive to the maturation rate (H3), that is to
the proportion of mature individuals moving to stage 4 with
higher fecundity. This result likely applies to other ray and skate
species that share the late age-at-maturity, and hence probably
similar survival rates, and low fecundity as for thornback ray
(Supplementary Table S11).

Given survival during the early stages is such an important
parameter for population dynamics, it would be important to
obtain field estimates for each population. Unfortunately, we do
not know of any in situ method for estimating first year survival.
For older individuals, capture–mark–recapture methods might be
feasible (e.g., Neat et al. 2015).

Population connectivity
Genetic simulation results indicated a strong influence of as-

sumed dispersal rates on genetic population structure, though
population abundance differences were found to substantially
modify the effect of contrasting dispersal rates (Fig. 5). This result
is not surprising, as the level of genetic differentiation among
populations is directly related to the balance between gene flow
(related to dispersal) and genetic drift (somewhat related to pop-
ulation abundance) (Wright 1949; Palumbi 2003; Waples and
Gaggiotti 2006). Genetic connectivity simulations indicated four

metapopulations (Table 2): the first along the Atlantic continental
shelf, the second around the Azores (whose structure was not
studied here), and the third and fourth in the Gulf of Lion and
around Corsica, which globally agrees with the empirical genetic
result found by Chevolot et al. (2006). However, it is important to
remember that genetic connectivity studies provide information
on an evolutionary time scale. A low genetic differentiation does
not necessarily imply a contemporary high number of migrants
because the time needed for genetic differentiation depends upon
the number of breeders in each population. In large populations
with low genetic drift, very low migration rates would maintain
genetic similarity between populations that became physically
separated (Reiss et al 2009).

Genetic connectivity has been studied for several ray and skate
species, highlighting substantial differentiations among the stud-
ied locations (Chevolot et al. 2006; Frodella et al. 2016; Vargas-Caro
et al. 2017). For example, Pasolini et al. (2011) found a genetic
population structure in the eastern Atlantic for thornback ray and
biscuit skate (Raja straeleni) and a significant correlation between
genetic differentiation and coastal distance. However, for several
species, including thornback ray, a major limitation to dispersal
appeared to be bathymetry (Chevolot et al. 2006; Pasolini et al.
2011; Le Port and Lavery 2012).

Pairwise demographic connectivity indicated four (dispersal
scenario 1) or six (dispersal scenario 2) metapopulations compared
with only four for genetic connectivity (Table 2). Demographic-
based metapopulations were defined as groups of putative popu-
lations for which, for sink populations, a single dispersal event
resulted in at least 10% of individuals coming from another of the
subpopulations (source population) within the metapopulation.
The 10% threshold value is rather arbitrary. It was inspired by the
value used for judging the importance of dispersal rates (Waples
and Gaggiotti 2006; Palsbøll et al. 2007). Doubling the threshold
value to 20% would increase the number of demographic metapo-
pulations to six (scenario 1) and nine (scenario 2), respectively.

A strong effect of the difference in population abundances on
genetic and demographic connectivity was found for dispersal
scenario 1, but only for genetic connectivity for scenario 2. In
scenario 2, most individuals stayed at their population of origin,
which meant differences in population abundance played less a
role for a single dispersal event considered for demographic con-
nectivity.

The ICES currently considers six thornback ray stocks in the
Northeast Atlantic, based upon ICES ecoregions, discontinuities
in the species geographical distribution, and expert knowledge
(Table 2). The connectivity-based metapopulation results dis-
agreed with the current stock assessment units in several ways:
the Bay of Biscay and Cantabrian Sea ICES stock was subdivided
based on demographic results for dispersal scenario 2, while the
Bristol Channel and Northern Celtic Sea stock as well as the West-
ern Channel and Southern Celtic Sea stock were grouped with the
Eastern Channel and the North Sea stocks based on genetic and
demographic connectivity (both dispersal scenarios; Table 2).
However, field studies are needed to confirm the identified meta-
population structure before any recommendations for changing
stock assessment units can be made. As current management
units for skates and rays are not aligned to stock assessment units,
a complete revision of the management of skate and ray fisheries
in European waters would be needed in a second step.

The results concerning potential metapopulation structures
differed somewhat between demographic and genetic connectiv-
ity, with more populations being genetically connected than de-
mographically. This phenomenon was empirically observed in
shark and named crinkled connectivity (Ovenden 2013). It occurs
when migration is above the threshold required to link popula-
tions genetically, but below the threshold for demographic links
(Ovenden 2013). This difference between genetic and demo-
graphic connectivity is not surprising, as they provide informa-
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tion on different temporal and geographical scales. Demographic
data help define management units, provided that a specific
threshold value for the exchange of individuals can be defined.
Genetic studies provide large-scale differentiation information in-
tegrated over a longer time period, making results at a local scale
and for shorter time periods less pertinent for management.

Connectivity is driven by the dispersal of individuals. Tradi-
tional stock assessment and fisheries management generally con-
sider stocks as closed populations. However, if exploited stocks
are not closed populations, the contributions of dispersals need to
be considered in management (Frisk et al. 2014). This can be espe-
cially important for skates and rays where only juveniles and
adults move. For example, winter skate (Leucoraja ocellata) abun-
dance increased strongly on Georges Bank in the 1980s, which
appeared biologically unrealistic. Frisk et al. (2008) suggested that
this increase was due to movements among adjacent populations,
thus connectivity.

Dispersal increases the number of individuals of the receiving
population and thus is equivalent to an increase in survival. As-
suming dispersal occurs only during the first year of life, we can
express the calculated net contributions of immigrants to the
11 putative populations in terms of a change in first year survival
rate. Assuming S0 = 0.036 (baseline value in Table 1), an increase of
18% (maximum estimated net gain due to demographic connectivity)
is equivalent to increasing the survival rate to S0 = 0.042, while
a 15% decrease (maximum estimated net loss) corresponds to S0 =
0.031. This range of first year survival rates is small compared with
the uncertainty surrounding realistic values. An increased sur-
vival rate of S0 = 0.042 lead to an increase of the intrinsic growth
rate of 2.26%, and a decreased survival rate of S0 = 0.031 lead to a
decrease of the intrinsic growth rate of 2.11%.

Methodology
Several assumptions were needed to overcome the lack of data

and biological knowledge. In the Usher model, first year sur-
vival (S0) was set conditional on other parameter values and as-
suming a stable population. The resulting survival rate might
appear high compared with teleost species (0.036 in Table 1). This
parameter combines the mortality of eggs and newly hatched
individuals. Skates and rays do not provide any parental care,
making the rigid keratin capsule the only protection against pred-
ators (Kormanik 1993), and so egg mortality is primarily caused by
predation (Bunn et al. 2000; Cox et Koob 1993). Lucifora and Garcia
(2004) reported gastropod predation rates around 0.24 for four ray
species in the Southwest Atlantic. The sensitivity and elasticity
analyses showed that this parameter was influential for the pop-
ulation dynamics of a thornback ray-like species; a similar impor-
tance can be assumed for other skates and rays in European
waters, which share similar life history traits (Supplementary
Table S11).

Several assumptions were also necessary to study population
connectivity. Absolute abundance estimates currently do not ex-
ist for any of the ray and skate populations in European waters
(ICES 2016). Relative population abundances were derived by as-
suming that commercial landings represented relative popula-
tion abundances. In quota-based fisheries management systems,
landings do not directly inform on population abundance. How-
ever, under the current management in Europe, the quota is set
for a pool of several rays and skates and there is no regulatory
minimum landing size at species level, and this in turn makes
quotas less restrictive at species-specific level. Thus, in this case,
commercial landings might approximately reflect relative popu-
lation biomass and abundance if mean mass is similar across pop-
ulations. Changing the relative abundances of the 11 putative
populations would modify estimated demographic and genetic
connectivity patterns and absolute values; the degree of this would
depend on by how much proportions were changed.

Population abundances were assumed fixed but are known to
vary over time. For example, bottom trawl surveys have shown
abundance variations in recent years, including a dramatic in-
crease of thornback ray in the Eastern Channel over the last de-
cade (ICES 2016). In contrast, a recent study of thornback ray
population dynamics in the Bay of Biscay suggested no increase in
recent years (Marandel et al. 2016). At an evolutionary time scale,
over the 10 000 years simulated for genetic connectivity, sea level
and temperature increases probably triggered changes in popula-
tion distributions and abundances. Thus, the constant dispersal
rates and population abundances that we used should not be
taken as realistic either in genetic or demographic terms. The
results should rather be regarded as indicative of the potential
magnitude of the contrast between the genetic and demographic
connectivity. However, if times series of abundance estimates
were available for all putative populations, these might be used
directly for studying demographic connectivity by analysing
synchronism in interannual abundance variations (Östman et al.
2017).

In genetic simulations due to computational limits, simulated
population abundances were much smaller than likely actual
abundances. However, this did not affect the spatial pattern of
genetic differentiation, only the absolute FST values, which might
be higher in our simulations than in actual populations, as in
reality their larger number is expected to reduce genetic drift.

In the absence of dispersal rate estimates for all putative popu-
lations, two scenarios, expected to reflect a plausible range of
dispersal for the species, were investigated. The first one corre-
sponded to a strong potential for dispersal and the second one to
a stronger sedentary behavior. Simulating more extreme scenar-
ios would basically reflect that with high dispersal rate panmixia
is maintained, and with low dispersal rate, all populations differ-
entiate. To carry out more realistic simulations, it would be nec-
essary to estimate dispersal of all populations in the field. Several
methods are available for this. Telemetry can provide estimates of
individual movements between populations and of behavior pat-
terns (Milner-Gulland and Rowcliffe 2007; Hawkins et al. 2016). For
conventional tagging, due to often low reported recapture rate
(6.9%; Stephan et al. 2015), a high number of individuals has to be
tagged and released to be able to estimate dispersal rate with
reasonable uncertainty. Electronic data storage tags allows for
obtaining information from a higher proportion of tagged indi-
viduals (Hunter et al. 2006); however, cost may be prohibitive.
This method was used for tracking basking sharks (Cetorhinus
maximus; Sims et al. 2003, 2005) and studying thornback rays stock
distribution in the southern North Sea (Hunter et al. 2006).

For genetic connectivity, dispersal was assumed to occur for
newborns only. This is equivalent to assuming that each individ-
ual reproduces in one population only during its life, either in its
native population or in the one it dispersed to before maturing.
Thus, the assumed dispersal rates should be considered as the
contribution of dispersal to each population and not as the indi-
vidual contribution. If the assumed dispersal rates were applied to
all ages, genetic connectivity could be modified, as the age of the
disperser will affect the number of years during which it will
reproduce in the receiving population and so will differently af-
fect the gene pool.

Genetic connectivity was modelled by simulating a neutral
marker. Neutral loci have been recommended for identifying
management units (Funk et al. 2012). However, in the case of
recently differentiated populations with large population size,
markers under selection may be more efficient (Reiss et al. 2009;
Gagnaire et al. 2015). Using non-neutral markers in simulations
would require assumptions on the dynamics of selection. Local
adaption might mean that immigrants have lower fitness, which
would reduce their contribution to genetic connectivity, as their
genotypes would be less integrated into the local gene pool. As a
consequence, their contribution to population dynamics could be
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modified and demographic connectivity reduced. Therefore, if
adaptation to regional environment has occurred, both genetic
and demographic connectivity could be lower than estimated in
this study.

Demographic connectivity was studied applying a single disper-
sal event to the assumed population abundances. Given these
abundances were derived from recent landings, their relative pro-
portions might be expected to reflect the contemporary situation,
in which case applying a single dispersal event would be informa-
tive for current management. Contrary to species for which dis-
persal primarily occurs during the larval phase and for which
ocean current models can be used to predict connectivity, there is
no reason to believe that thornback ray, or any other ray or skate
for that matter, would follow bottom currents. Thus, to develop a
more complex dynamic model, knowledge on factors determin-
ing individual dispersal, survival, and reproduction would be
needed for all putative populations. None of these are currently
available.

Conclusion
Demographic and genetic connectivity can provide comple-

mentary insights for medium-sized rays and skates as we demon-
strated with the example of thornback ray. Genetic connectivity
studies should be useful for determining long-term conservation
units but will probably not be so helpful for defining management
units, while demographic connectivity studies should be able to
inform the definition of management units. Both types of analy-
ses strongly depend on relative population abundances (Figs. 5
and 6e) but also on dispersal rates and patterns. To make progress
towards a better estimation of connectivity and delimitation of
management and conservation units, we encourage researchers
to attempt obtaining local abundance and dispersal estimates for
a range of ray and skate species.
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