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Abstract

Deciphering the effects of historical and recent demographic processes responsible for the spatial patterns
of genetic diversity and structure is a key objective in evolutionary and conservation biology. Using genetic
analyses, we investigated the demographic history, the contemporary genetic diversity and structure, and
the occurrence of hybridization and introgression, of two species of anadromous fish with contrasted life
history strategies and which have undergone recent demographic declines, the allis shad (Alosa alosa) and
the twaite shad (Alosa fallax). We genotyped 706 individuals from 20 rivers and 5 sites at sea in Southern
Europe  at  microsatellite  markers.  Genetic  structure  between  populations  was  lower  for  the  nearly
semelparous species allis shad that disperse stronger distance compared to the iteroparous species, twaite
shad. Individuals caught at sea were assigned at the river level for twaite shad and at the region level for
allis shad. Using an approximate Bayesian computation framework, we inferred that the most likely long
term historical  divergence  scenario  between  both  species  implicated  historical  separation  followed  by
secondary contact  accompanied by strong population size decline.  Accordingly,  we found evidence of
contemporary  hybridization  and  introgression  between  both  species.  Besides,  our  results  support  the
existence  of  cryptic  species  in  the  Mediterranean  sea.  Overall,  our  results  shed  light  on  the  interplay
between  historical  and  recent  demographic  processes  and  life  history  strategies  in  shaping  population
genetic diversity and structure of closely related species. The recent demographic decline of these species’
populations  and  their  hybridization  should  be  carefully  considered  while  implementing  conservation
programs.
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Introduction

Reconstructing how historical and recent processes shape present genetic diversity is an important step in
evolutionary biology. In particular, long-term processes such as vicariance events, long term contraction
during the last ice age or postglacial recolonization are well known to shape current patterns of genetic
diversity (Hewitt 1996). In addition, several species and/or populations are currently declining at fast pace
due to human activity or climate change (Ceballos et al. 2020,  Ryan et al. 2018). The interplay of these
processes may leave counter-intuitive signatures on contemporary patterns  of genetic diversity, it is not
clear whether they can be decorrelated and their respective roles quantified. In addition, populations within
species or closely related species may differ in terms of life history traits, which can results in contrasting
levels of population genetic structure and diversity.  

In particular, the movement of species or dispersal processes are key factors affecting genetic structure
through space  and time (Cayuela  et  al.  2018).  Many migratory  species  have  undergone  sharp  decline
worldwide (Wilcove and Wikelski 2008; Limburg and Waldman 2009). These declines in population size
can have evolutionary consequences for these species. Indeed, small populations can display higher rates of
genetic  drift,  accumulation  of  deleterious  alleles  and  loss  of  genetic  variability,  which  can ultimately
threaten their genetic integrity and adaptive potential (Frankham 2005). Therefore, quantifying a species’
evolutionary potential is vital for the conservation of wild and managed populations. This task can benefit

from reconstruction of  demographic history from genetic  data (Rougemont et al.  2020),  monitoring of
population genetic parameters including genetic diversity, effective population size (Ne), and quantifying
hybridization between closely related groups or species (Barton and Hewitt 1985) as well as their positive

(Abbott et al. 2013) or negative consequences on hybrid fitness (Mikkelsen and Irwin 2021). 

Diadromous fish are keystone species that move between freshwater and the marine environment. Many of
these  species,  including  salmonids,  eels,  sturgeons  or  shads,  have  undergone  steep  decline  in  their
population size due to human activities such as dams building, over-harvesting, habitat degradation, and

pollution (Parrish et al. 1998; Waters et al. 2000; Limburg and Waldman, 2009). Some of them (salmonids
and  shads)  display  a  tendency  to  return  to  their  natal  river  for  breeding  (i.e  “homing”  behavior),  as
demonstrated by otolith  analysis  (Tomás et  al.  2005; Walther  and Thorrold  2008; Perrier  et  al.  2011;

Martin et al. 2015; Randon et al. 2017). This homing behavior fosters local adaptation, which is beneficial
in stable environmental conditions (Keefer and Caudill 2014) but  can  also isolate  some populations and
results in smaller local effective population sizes. Consequently, in the context of environmental changes,
this strategy may lead to less stable populations as compared to those displaying higher levels of gene flow
and effective population size (Frankham 1997, 2005), although this question gave rise to recent debates
(e.g. Kyriazis et al. 2020; Teixeira & Huber et al. 2021; Garcia-Dorado et al. 2021).

The  allis  shad,  Alosa alosa  (Linnaeus, 1758), and twaite shad,  Alosa fallax  (Lacépède, 1803),  are two
closely related anadromous clupeidae species that have undergone steep declines in their abundance and
distribution range (Baglinière et al. 2003a). Since the middle of the 20th century, both species decline has
mostly been attributed to freshwater  habitat degradation,  inducing loss of spawning grounds and to over-
harvesting (Aprahamian et al. 2003; Limburg and Waldman 2009). Both species are now mostly restricted
to large rivers in Portugal, Spain, France and the United Kingdom (mainly  twaite shad). Presently, this
decline appears stronger for the  allis shad. For example, the last assessment of IUCN status for France
show the allis shad is now considered as critically endangered (Baglinière et al. 2020a) while twaite shad is
considered as vulnerable only (Baglinière et al. 2020b). It is expected that this decrease in abundance has
had important  repercussions  on the genetic  diversity  of  both  species.  Especially,  a  decrease  in  census
population size will  reduce effective population size and decreased selection efficacy. This decrease of
abundance might have affected both species differently since they differ in their life history strategy despite
their close phylogenetic relationship. First,  A. alosa  is nearly-semelparous while  A. fallax is iteroparous
(Mennesson-Boisneau et al. 2000). Second, A. alosa displays a stronger dispersal behavior than A. fallax
(Taverny and Elie 2001; Jolly et al. 2012; Martin et al. 2015; Nachón et al. 2020). Following (Hasselman et
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al. 2013) we predict that iteroparity sets a constraint on A. fallax dispersal and migratory distance due to
stronger selection for homing every year for breeding (Jolly et al. 2012). On the contrary, longer migratory
distance may facilitate  gene flow in  the  semelparous  A. alosa (Martin et al. 2015; Randon et al. 2017).
Because  of  these  difference  in  dispersal  and  parity  mode,  we  expect  stronger  gene  flow  and  lower
population genetic structure in A. alosa compared to A. fallax. The genetic distinctiveness of A. alosa and

A. fallax has been confirmed (Faria et al. 2004; Alexandrino et al. 2006; Jolly et al. 2012 ), but the details of
their demographic history of prior isolation and subsequent contact has not been fully resolved (Faria et al.

2012; Taillebois et al. 2020). This issue could benefit from demographic modeling based on genetic data.
Such  an approach  would  notably  help  to  decipher  whether  these  species  evolved  separately  before  a
secondary contact, or whether they could have evolved in sympatry, which has important implications for
understanding speciation processes, as well as for  the conservation of the species. Especially, this might
influence the rate at which hybridization could result in a generalized meltdown of both species into one. In
fact, hybrids between both species have been documented in some geographic areas like Portugal, United

Kingdom or France (Alexandrino et al. 2006; Coscia et al. 2010; Jolly et al. 2011; Taillebois et al. 2020 )

suggesting that barriers to gene flow between species are permeable. In the context of river fragmentation,
barriers  (e.g.  dams)  generate  “forced”  common spawning  grounds between  A.  alosa  and  A.  fallax
(Alexandrino  et  al.  2006),  which  would  otherwise  be  spatially  segregated  along  the  river  network
(Mennesson-Boisneau et al. 2000). It is therefore expected that both species hybridize frequently in rivers

with high levels of fragmentation (see also Taillebois et al. 2020). In addition, the taxonomic status of A.
fallax within the Mediterranean Sea is debated (Chiesa et al. 2014; Baglinière et al. 2020c), despite genetic
and morphological support for the existence of two lineages (Le Corre et al. 2005; Bianco, 2005) and our
sampling design may help resolve this taxonomic conundrum.

In this study we used 13 microsatellite  markers (Rougemont et al.  2015) to  i) determine the extent  of
genetic diversity and structure  within the genus  Alosa along the Atlantic and Mediterranean coasts,  ii)
determine  the  historical  process  of  divergence  between  both  species  using  approximate  Bayesian
computations, iii) contrast the patterns of long term historical gene flow between species and within major
genetic groups versus contemporary dispersal at sea in each species, iv) test the power of this marker set to
assign individuals captured at sea. Doing so, we tested the hypotheses that  i)  both species were formerly
isolated and came into secondary contact,  ii)  both species differ in their genetic structure, with the more
dispersive, semelparous species showing lower genetic structure than the iteroparous species,  iii) hybrids
might be frequently found, potentially as a result of  frequent “forced” common spawning grounds and iv)
individuals caught at sea can be confidently assigned to rivers or geographic region, depending on the
species.

Materials and Methods

Study area and sampling

A total of 706 individuals from both species (367 A. alosa and 339 A. fallax) were sampled in 20 rivers
distributed along the French Atlantic coast (N=514), Spanish coast (N= 56 A. fallax), Mediterranean coast
(N=92  A. fallax) and Corsica (N= 65  A. fallax). A subset  of these (40  A. alosa  and 65  A. fallax)  were
captured at sea along the Atlantic coast and were also used for population assignment (Fig. 1, Table1 and
Table S1). Individuals collected in rivers were captured between 2009 and 2012 either by nets or trapping,
a fin  clip  was stored in  95% ethanol while  individuals  captured at  sea were collected by professional
fishermen and identified phenotypically. Scales were also collected from carcasses after breeding migration
and conserved in paper envelopes. Collections of scales (stored at INRAE Rennes, France) from cohorts
1997 to 1999 and 2001 (Aulne and Charente rivers) were also used (Table1).

Molecular methods

Genomic DNA was extracted using a Chelex protocol (modified from Estoup et al. 1996). We genotyped
each individual at 13 microsatellite loci specifically developed for allis shad and twaite shad (Rougemont et
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al.  2015).  Occurrence of  null  alleles  and scoring errors  due to  large allelic  dropout or  stuttering were

checked using Micro-Checker v2.2.3 (Oosterhout et al. 2004). Linkage disequilibrium (LD) was inspected
using GENEPOP 4.0 (Rousset 2008).

Hybrid identification

Prior  to  any further  analysis  we were  interested in  accurately  distinguished  purebred individuals  from
hybrids. We performed this identification before other analyses since the presence of hybrids could bias
population genetics estimates. We used a similar framework to the one of Vähä and Primmer (2006) using

STRUCTURE 2.3.3 (Pritchard et al. 2000) and NEWHYBRIDS 1.1 (Anderson and Thompson 2002). For the
purpose of  hybrid identification we assumed K=2 where each cluster  is  composed of  a single  species
contributing to the total gene pool of the sample. STRUCTURE was used without prior information about the

species classification using an admixture model with (i) correlated allele frequency (Falush et al. 2003) and

(ii)  500.000  burn-in  steps  followed  by  1.000.000  MCMC  iterations,  replicated  10  times.  Individual
admixture proportions (q-values) and their 90% confidence intervals were averaged over the ten replicates
and used to assign individuals to their respective cluster. NEWHYBRIDS assumes that the sample is drawn
from a mixture of pure individuals and hybrids (F1, F2 or backcrosses) so that the q-value inferred with this
method is a discrete variable (Anderson and Thompson, 2002).  NEWHYBRIDS was used to calculate the
posterior  probability  for  an  individual  to  belong  to  one  of  the  following  classes:  purebred  A.  alosa,
purebred  A. fallax,  hybrid  F1,  hybrid  F2  or  backcrosses.  The q-values  were summed over all  hybrids
categories (F1, F2 and backcrosses) because preliminary tests showed that performance were greater under
these  conditions.  Hence,  hybrids,  regardless  of  their  hybrid  class,  were  distinguished  from purebreds.
Uniform priors were used for allele frequency and admixture estimations with a burn in of 1.000.000 steps
followed  by  1.000.000  iterations.  Tests  using  Jeffrey  priors,  instead  of  uniform,  yield  similar  results.
Results are based on the average of 10 runs performed with various random seed number.

Performance of Admixture Analysis

To test the correctness of assignment of STRUCTURE and NEWHYBRIDS, the software HYBRIDLAB (Nielsen

et al. 2006) was used. Individuals showing q-value >0.9 with both methods were chosen randomly and
3500 simulated genotypes of each parental species were generated and divided into 10 datasets of 350
individuals. The sample size was chosen to be close to our real dataset. Then 10 other datasets were created
containing  both parental  and  hybrid individuals  (F1,  F2,  backcrosses).  Ten  individuals  of  each  hybrid
category were incorporated into the datasets of 350 individuals to represent the actual sample size of our
empirical dataset and to incorporate a small proportion of hybrids. The simulated dataset was analyzed with
STRUCTURE and  NEWHYBRIDS to calculate (1) the hybrid proportion, which is the number of individuals
classified  as  hybrid  divided  by  the  total  number  of  individuals  in  the  sample,  (2)  the  efficiency,  (3)
accuracy and (4) overall  performance of  these methods following the definition of  Vähä and Primmer
(2006). We used threshold q-values of 0.90 for hybrid classification.

Genetic diversity and HWE within populations

Fish captured at sea for which the river of origin was unknown were excluded from these analyses as well
as hybrids leaving a total of 586 fish (315 A. alosa and 271 A. fallax). For each population (sample in each
river) of each species, diversity indices (observed heterozygosity (Ho) and expected Heterozygosity (He)

under Hardy Weinberg Equilibrium (HWE)) were calculated with  GENETIX 4.0.5 (Belkhir et al.  1996).
Significance of heterozygosity comparisons was assessed with a Wilcoxon sign rank test. Deviations from
HWE  and  linkage  disequilibrium  were  tested  for  each  locus  within  each  population  and  globally  in
GENEPOP 4.0  (Rousset  2008).  FSTAT version  2.9.3  (Goudet  1995)  was  used  to  calculate  inbreeding
coefficient (Fis), allele number, and allelic richness (Ar), with Ar differences between species tested using
4.000 permutations.
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Population genetic structure 

Genetic structure was assessed excluding hybrids (based on their genotype) and fish captured at sea. The
extent of genetic structure was quantified using the pairwise  FST estimator θST of (Weir and Cockerham
1984) between sample pairs with Fstat, with significance assessed using 10,000 permutations. We tested for
a signal of isolation by distance (IBD) in our data in both species separately using a mantel test on matrices
of  linearized FST using  FST/(1  –  FST)  against  the  waterway  distances  measured  in  ArcGIS.  The  chord
distance (Cavalli-Sforza and Edwards 1967) was used to quantify genetic differentiation between sample
pairs and to construct neighbor-joining phylograms (Saitou and Nei 1987) with MSA 4.05 (Dieringer and

Schlötterer  2003).  Trees were computed using the software Phylip 3.6 (Felsenstein 1995) with 10,000
permutations and visualized using Tree view 1.6 (Page, 1996). Individual genetic clustering was further
investigated without  a priori definition of population boundaries using  STRUCTURE.  The admixture and
correlated allele frequency model was used to detect a number of genetics cluster (K) varying from 1 to 14
separately for A. alosa and for A. fallax. Fifteen replicates were run for each K with a burn-in period of 400
000 MCMC followed by 400 000 MCMC iterations. Optimal number of cluster was evaluated using the

likelihood distribution (Pritchard et  al.  2000) and the ∆K method (Evanno et  al.,  2005).  Results  were
combined with Structure harvester (Earl and vonHoldt 2012) and graphs were ploted using Distruct 1.1
(Rosenberg  2004).  We  finally  used  a  multivariate  method,  the  Discriminant  Analysis  of  Principal
Component Adegenet Package (Jombart 2008) implemented in R (R Development Core Team 2012), to
inspect structure between populations for each species.

Genetic stock assignment

Genetic assignment of fish captured at sea was performed using three different methods. First STRUCTURE

was run with fish captured at sea included in the dataset. The same settings as described above were used.
Second, DAPC assignments were performed using fish from the sea as supplementary individuals projected
using the previously defined parameters. Third, we used the Bayesian method implemented in GeneClass 2

(Piry et al. 2004) specifically designed for assignment tests. The likelihood that any fish captured at sea

effectively came from one of the populations was tested with the (Paetkau et al. 2004) algorithm using 100
000 simulated individuals. Fish that displayed a probability  <0.01 were assumed to come from an un-
sampled reference population and were excluded from the assignment tests.

Demographic history: approximate Bayesian computations

The demographic history of divergence between  A. alosa  and  A. fallax was investigated using an ABC
framework. We excluded all putative hybrids to avoid favoring models of ongoing gene flow while our
focus was on long-term patterns of gene flow. A total of four scenarios of divergence were compared (Fig
S1).  The model  of  strict  isolation  (SI)  assumes  that  an  ancestral  population  of  size  NANC splits
instantaneously at Tsplit into two daughter populations of constant and independent size Npop1 and Npop2. The
split is not followed by any gene flow and the population can either undergo an instantaneous bottleneck or
an expansion at  Tsplit. In  contrast, the three other models assume various rates of gene flow following the
instantaneous split. This migration occurs at a rate M = 4 N0.m. with M 1←2  being the number of migrants
from population 2 to population 1 and M2←1being the reciprocal. In the model of ancestral migration (AM)
the first generations of divergence are followed by gene flow until Tam (Fig S1) at which point there will be
no further gene flow (looking forward in time). In the model of isolation with migration (IM) genes flow
occurs continuously from  Tsplit to the present and a constant rate each generation. Under the  secondary
contact (SC) model, Tsplit is followed by a period of strict isolation and by a period of secondary contact Tsc

generations  ago  that  is  still  ongoing.  We  used  large  and  uninformative  priors  for  model  choice  and

parameter estimation. Simulation of microsatellites strictly followed the procedure of Illera et al.  (2014)

later modified by Rougemont et al.  (2016). For each simulation, summary statistics were then computed
and used in the ABC model choice implementing a neural network, as well as for parameter estimation

(Csilléry et al. 2010). For each pairwise comparison, the robustness of the model choice was measured
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using 4,000 pseudo observed datasets (PODS) sampled randomly from each model and the same ABC
procedure as for the empirical  dataset was performed but considering a given model M instead of the
empirical data. Then the robustness between two given models M1 and M2 was  computed as:

P(PM1 = P | M1) / [ P(PM1 = P | M1 ) + P(PM1 = P | M2)].

Where P(PM1 = P | M1) represents the probability of correctly supporting M1 given the observed posterior
probability P and P(PM1 = P | M2) is the probability of erroneously supporting M1  given that the true model

is M2 (Fagundes et al., 2007). Parameter estimation was performed for the best model by running another
round of simulation for a total of 1,4 million simulations. The whole pipeline used for ABC can be found
at: https://github.com/QuentinRougemont/MicrosatDemogInference.

Results

A total of 706 individuals were genotyped at 13 loci and 180 different alleles were found with 153 in A.
alosa  and 138 in  A. fallax.  No evidence  of  null  alleles  was detected.  In  A. alosa  one test  of  linkage
disequilibrium (LD) out of 936 comparisons was significant.  One LD test out of 858 comparisons was
significant in A. fallax.

Figure 1: Map showing the location of sampling sites across France, United-Kingdom and Spain. Sample
sites numbers match those given in table 1.

Hybrid identification

Results  of  admixture  analysis  in  NEWHYBRIDS and  STRUCTURE using  simulated  genotypes  from
HYBRIDLAB varied depending on the presence or absence of hybrids (Table S2). Both  STRUCTURE and
NEWHYBRIDs produced some false hybrids in the purebreds’ dataset and this overestimation was greater in
STRUCTURE than in NEWHYBRIDS (Table S2). In brief, NEWHYBRIDS displayed slightly higher efficiency
and accuracy  at  a  q-value threshold of  0.90 in  the  presence of  hybrids with  both  software  displaying
accuracy and efficiency above 0.90.
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Regarding our empirical data, both species were separated in two fully distinct clusters with average q-
values greater than 0.99 for A. alosa and A. fallax in both STRUCTURE and NEWHYBRIDS. STRUCTURE and
NEWHYBRIDS reclassified  13  individuals  captured  at  sea,  morphologically identified  as  A.  alosa but
genotypically classified as  A. fallax and 1 individual  wrongly identified as  A. fallax but  genotypically
classified as   A. alosa.  A total of 35 individuals displayed a q-value smaller than 0.9 in either  of the
methods and were not classified as purebreds. STRUCTURE found 31 putative hybrids for a threshold q-value
smaller than 0.9.  NEWHYBRIDS identified 12 hybrids at the q-value threshold of 0.9 while 22 individuals
remained unassigned. All hybrids identified by NEWHYBRIDS had a q-value greater than 0.8 and were all
identified  as  hybrids  in  STRUCTURE.  Among  the  35 putative  hybrids,  nine  individuals  were  further
identified as purebred (Table S3). Finally, 11 individuals were not identified as either purebred or hybrids
as they displayed inconsistent q-value according to each method and were left unassigned (Table S3).
From a geographic standpoint  the majority  (86%) of the  35 individuals came from three major areas:
namely  the  Charente  River  and  Pertuis  Charentais  (37.1%),  the  Loire  River  (25.7%)  and  South
Brittany/Scorff River (22.9%).

Genetic diversity

One Fis value was significant for the marker Alo29 in the Loire River in A. alosa while other populations
and other markers did not show any significant deviations from HWE and no Fis was significant. The total
number of alleles varied from 4 to 20 in A. alosa and from 4 to 17 in A. fallax. The two species shared 62%
of alleles. Mean adjusted allelic richness (Ar) per population ranged from 3.74 to 5.94 in A. alosa and from
3.44 to 5.70 in A. fallax (Table 1 for details by river and Table S4, Table S5 for details for each river and
each marker). Mean observed heterozygosity was 0.596 (range: 0.49–0.62) in  A. alosa and 0.523 (range:
0.44–0.59)  in  A.  fallax  and  differed  significantly  between  species  (P<0.005,  5000  permutations).  In
contrast, Ar did not differ between species (P=0.061, 5000 permutations). For A. alosa, Ar and He were the
greatest in the Dordogne, Minho and Loire River while they were the lowest in the Vire, Aulne and Trieux
rivers. For A. fallax, Ar and He were the highest in the Rhône (Mediterranean) and the lowest in the Ulla,
Orne and Dordogne (Atlantic).

Population genetic structure 

Global  inter-species  FST was  0.240  (95%CI:  0.194  –  0.286)  and  significant  (P<0.00087.  15  000
permutations). Global FST for A. alosa was 0.046 (95%CI: 0.034 0.058) (P<0.0001. 10 000 permutations).
Global  FST  for  A. fallax  was higher  with a  value  of  0.219 (95%CI:  0.175– 0.263)  (P<0.0001. 10 000
permutation). In A. alosa, 89% of pairwise FST comparisons were significant after Bonferonni corrections
(Table 2) compared to 82% in A. fallax. Levels of differentiation between sampling localities were smaller
in A. alosa than in A. fallax. Populations sampled on the same river basin (i.e Rhône, or Tavignano) were
not significantly structured (Table 2) but were significantly differentiated from all other rivers. Similarly,
Mediterranean A. fallax populations (Aude, Rhône, Vidourle) were not differentiated among them but were
strongly differentiated from Atlantic populations. The Tavignano (Corsica) was significantly differentiated
from all other rivers (FST ranged between 0.233 and 0.358). A. fallax populations from the Minho, Ulla and
Orne  were  also  distinct  from  all  other  populations  (FST ranged  between  0.08  and  0.289),  but  again
comparisons with the Tavignano were the highest (Table 2, Table S6 for interspecific comparison).

Structure results  were as follows: In  A. alosa   the highest likelihood was for K=6 (Fig. S2) while ΔK
showed a peak for K= 3 and another for K=6 (Fig. S2). For K=3 the clustering separated the population
into  three  geographic  regions  (Brittany,  Normandy  and  Atlantic,  Fig.  2A).  However,  the  Nivelle
individuals (Southern France) clustered with individuals from Normandy  in Northern France  (Vire and
Orne river in Fig. 2A). For K=6 (Fig. 2A), the Nivelle individuals were clearly separated from Normandy
and formed a single cluster (contribution = 0.851). Normandy individuals formed a separated cluster, as
well as Brittany individuals. Populations from the Atlantic were separated into three admixed clusters. 
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Figure 2: A) Bayesian individual clustering performed with STRUCTURE for each species separately. In A. alosa K=6 clusters
are  identified.  B)  In  A.  fallax  3  and  6  clusters  are  identified.  Individuals  are  represented  by  a  bar  with  each  colour
representing its  membership proportion to  each cluster.  C)  plot  of  the Discriminant  Analysis  of  Principal  Components
(DAPC) performed in A. alosa.  Clusters are numbered from one to six given that mixed membership probability was often
attributed to different rivers. Membership assignment of individuals averaged by river to each cluster can be found in Table
S8). D) plot of the DAPC performed in A. fallax. Membership assignment of individuals averaged by river to each cluster can
be found in Table S9)

In A. fallax, the highest likelihood plateaued between K=6 and K=8. ΔK showed one strong peak for K=3
(Fig. S2). At K=3, individuals from the Atlantic, the North Mediterranean coast and from Corsica were
separated. No sign of admixture was observed in A. fallax populations as opposed to the pattern observed in
A. alosa  (Fig. 2B). Indeed, all but the Orne  River had >0.95 membership probability to form a separate
cluster  (the  Orne  still  had  a  0.86  membership  probability  to  be  a  distinct  cluster).  K=6  revealed  six
geographic regions with low levels of admixture and allows a finer clustering of populations along the
Atlantic Coast (Fig. 2B). The Orne (Normandy) and the two Spanish rivers (Ulla and Minho) formed three
distinct clusters. The remaining populations from the French Atlantic Coast formed a single cluster on the
Rhône River. One individual was clearly assigned as a migrant from the Tavignano (individual q-value =
0.981 CI: 0.894-1.00). Although some individuals displayed admixed ancestry, only one individual from
the  Ulla  River  was  assigned  with  probability  greater  than  0.8  to  the  Minho suggesting  relatively  low
dispersal  among clusters as opposed to the pattern observed in  A. alosa. The DAPC approach revealed a
similar  level  of  population  structure in  A. alosa (Fig.  2C)  as  well  as  in  A. fallax (Fig2D).  To reveal
potential  hierarchical  structure  and  fine  scale  genetic  structure  we replicated  the  analysis  in  A.  fallax
including only populations from the Atlantic coast. This revealed the existence of 4 clusters (Fig. S3). 

The neighbor-joining tree revealed a clear separation between A. alosa and A. fallax (Fig. 3B). In A. alosa 5
clusters can be delineated, with the Adour being apart and the Vilaine grouping with the Minho. In A. fallax
three main clusters can be distinguished corresponding to a geographic clustering. Separation of A. fallax
from  the  Tavignano  was  as  strong  as  the  separation  between  the  two  cryptic  lineages from  the
Mediterranean Sea and the Atlantic coast. Finally, tests for IBD were significant in both species (Mantel
tests: P<0.001. r = 0.621 in A. alosa and P<0.0001. r = 0.554 in A. fallax. Fig. 3A). These results were also
supported by significant linear models (Fig 3A).

Assignment tests

According to GeneClass three individuals of  A. fallax  captured at sea displayed a probability <0.01 to
originate from one of the river sampled and were excluded for further assignment with the three methods .
The forty  A. alosa  had a probability >0.01 to originate from one of the rivers. Contrasting results were
obtained in each species; A. fallax were assigned with higher probability than A. alosa (only fish with score
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>0.9  were  kept  for  assignment.)  with  a  total  of  34  to  45  and  of  18  to  34  fish  respectively  assigned
depending on the method (Table 3). All methods assigned the majority of A. alosa to the Atlantic cluster.
The DAPC approach classified 6  A. alosa  from South Brittany in Normandy and 4 in the Minho, while
these fish were either assigned to the Atlantic cluster or left unassigned by the other methods. Similarly,
one  A. alosa  from the Pertuis Charentais was assigned to the Minho by the DAPC while the two other
methods classified this fish as belonging to the Atlantic cluster. In A. fallax the majority of fish from the
North Sea, the South Brittany and the Southern part of the Bay of Biscay were assigned to the Orne cluster.
Most fish from the Pertuis Charentais were assigned to the Atlantic cluster. One fish was assigned to the
Ulla by the DAPC approach while it was left unassigned by the two other methods. Similarly, two fish
from Southern Brittany were assigned to the Minho while they were left unassigned by  STRUCTURE and
one of them was assigned to the Atlantic cluster by GeneClass, the other being unassigned as well.

Figure  3:  A) Relationship  between  genetic  distance  as  measured  by  FST/(1-FST)  and  distance  in  kilometers  between
populations of each species. All correlation were significant based on linear models and Mantel test.  B) Neighbor-joining
tree based on Cavalli-Svorza and Edwards (1967) genetic distances. Only bootstrap values >50% are indicated. Sample
abbreviations match those given in Table 1.

Demographic history

Figure 4: Best model of divergence and distribution of prior and posterior parameters. A) Simplified representation of the
best inferred scenario of divergence between Alosa alosa and A. fallax. B) Prior (grey) and Posterior (orange) parameter
distribution inferred by Approximate Bayesian Computation. θ A. alosa = Scaled Effective population size of A. Alosa. θ A.
alosa = Scaled Effective population size of A.  fallax.  θancestral= Effective population size of the ancestral population.  All
populations size are scaled by 4Nref*µ. Tsplit = split time (here Tsplit = tau* 4Nref). Tsc = Time of Secondary Contact. M12 =
4Nref*m12 and M21 = 4Nref*m21 correspond to the scaled migration rate where mij represents the fraction of subpopulation i
which is made up of migrants from subpopulation j each generation. All values are provided in coalescent units and scaled
by the effective reference population size.
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Reconstruction of demographic history was performed between the two species. ABC model choice clearly
rejected SI in favor of models with ongoing gene flow (P (SC) = 0.980 P(IM) = 0.851) or ancient gene flow
(P(AM) = 0.720). In all cases the robustness was 1 for all comparisons (Fig S4 A-F). Comparison of model
with ancient gene flow against ongoing gene flow then leads to a rejection of the former (P (SC) = 0.669. P(IM)

= 0.599) with a robustness of 1 (Fig S5A, B). Finally, comparing IM and SC leads to a higher posterior
probability of the latter with P(SC) = 0.738 and a robustness of 1 (Fig 4a, Fig S5C,D).

The posterior distribution of parameter estimates under SC were well differentiated from the prior yielding
confidence for interpretations of the mean values and credible intervals (Fig. 4b). These indicated a striking
pattern of population size reduction as compared to the estimated ancestral effective population size (NANC).
The median estimated effective population size for A. alosa was N1 = 209 [IC= 47 – 646]. for A. fallax N2 =
2573 [940 – 5649] and for the ancestral population NANC = 617,000 [39,074 – 1,228,000] (Fig. 4b). Credible
intervals around the  split time and of  the time of secondary contact  overlapped. Median estimate of  Tsplit

was 617,000 generations but with large credible intervals [100,000 – 916,000]. Given the difference in life
history strategy we did not converted these estimates into years. The time of secondary contact would be of
157,000 generations (Fig. 4b) [24,000 – 620,000].

Discussion

Our  results  shed  light  on  evolutionary  processes affecting  the  rate  of  speciation  and  provide key
information  for the management  of  these  declining  species.  We  found  that  genetic  structure  among
populations was lower for the nearly semelparous species, allis shad, compared to the iteroparous species,
twaite shad. Our results also suggest that for individuals captured at sea, individuals can be assigned at the
region level for allis shad while at the river level in twaite shad. We inferred that the most likely long term
historical  divergence  scenario  between  both  species  implicated  historical  separation  followed  by  a
secondary contact accompanied by contemporary hybridization and strong population size declines.  Our
results also corroborate the hypothesis of a divergent lineage (A. agone) present along the Mediterranean
coast and  suggest  a possible undocumented new cryptic  lineage present in the Island of Corsica,  which
were both formerly grouped with twaite shad. All of these results have strong conservation issues showing
the importance of combining catchment and region-based management.

Level of species differentiation and hybridization

Our  results  confirm  previous  estimates  of  introgression  and  hybridization  between  both  species

(Alexandrino et al. 2006; Coscia et al. 2010; Jolly et al. 2011; Faria et al. 2012; Taillebois et al. 2020 ).
Normally, spatio-temporal segregation mechanisms exist and maintain or minimize the contact between the
two species during reproduction. In  particular,  twaite shad is generally spawning in lower areas of the
watershed than  allis  shad  that normally spawns in  the  upper  parts  of  rivers  (Aprahamian  et  al.  2003;

Baglinière  et  al.  2003b),  minimizing  hybridization  opportunities  between  species.  Yet,  human  river
fragmentation  by dams and various  obstacles  is  increasingly  restricting  shad migration to  downstream
areas.  This favors sympatry and leads to increased opportunities for hybridization. The removal of this
premating reproductive barrier thus promotes hybridization and introgression (Alexandrino et al.  2006;

Taillebois  et  al.,  2020).  Accordingly,  we  find  strong  support  for  ongoing  hybridization  between  both
species in populations distributed in the same watershed and reaching similar spawning sites (e.g. Loire and
Charente River). However, the two species seem to remain genetically well distinct despite hybridization.
This  may  indicate  either  that  hybridization  is  very  recent  and/or  the  existence  of  pre-zygotic  (e.g.
behavioral) and post-zygotic genetic barriers that are likely involved in the maintenance of the two species

reproductive  isolation  (Ravinet  et  al.  2017,  Barth  et  al.  2020).  Yet,  genetic  barriers  are  often  semi-
permeable (Wu, 2001) resulting in heterogeneous differentiation across the genome (Ravinet et al. 2017;

Rougemont et al. 2017). The porosity of the species barrier is well illustrated by the numerous backcrosses
found recently by Taillebois et al.  (2020) in a set of partially overlapping samples. Whole genome re-
sequencing of these hybridizing populations would be needed to  i) quantify the mosaic of local ancestry
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across the genome (Duranton et al. 2018) ii) identify the regions involved in adaptive introgression from
one species to the other (Hedrick 2013) and iii) determine the deleterious effect of introgression and extent

of selection against introgression (Kim et al. 2018). The hybridization of these two species is hence an
interesting context to study speciation and also highlights the consequences of river fragmentation on the

genetic integrity of these declining species (Harris et al. 2018; Rougemont et al., 2020).

Influence of life history strategy on the population genetic structure

As expected from theory and from previous research, the more dispersive species (and semelparous), allis
shad, displays, comparatively to twaite shad, lower levels of genetic structure and higher levels of genetic
diversity. The twaite shad having lower contemporary dispersal, displays on the opposite a higher genetic
structure and lower genetic diversity (Jolly et al. 2012; Martin et al. 2015; Taillebois et al. 2020). These
variations in dispersal syndrome have been well documented and associated to variation in life history traits

across many species (Stevens et al. 2013; Cayuela et al. 2016, 2018). Here, this suggests a substantial trade-
off associated to these life history traits. twaite shad being iteroparous, we hypothesized that they maximize
their survival probability by dispersing less, and reducing the duration  of their marine phase due to an
earlier sexual maturity than allis shad (Bagliniere et al. 2020). Other hypotheses have been made to explain
the  lower  genetic  structure  of  the  semelparous  American  shad  (A.  sapidissima)  as  compared  to  its
iteroparous  form  and  relate  to  environmental  differences  along  a  latitudinal  gradient  (discussed  in
Hasselman et al. 2013). Here, however, both species reproduce in the same rivers along the Atlantic coast,
so the proposed mechanisms are less likely to be comparable and to apply in our case.  A meta-analysis in
terrestrial and semi-terrestrial animals revealed that higher dispersal was associated with higher fecundity

and survival (Stevens et al. 2014). In less stable environment, higher dispersal, higher fecundity and shorter

lifespan can be favored (Cayuela et al. 2016). This leads us to hypothesize that allis shad populations may
be more resilient under climate change, but this hypothesis remains to be investigated.

Demography and speciation

 The differentiation levels among twaite shad lineages are similar to those observed between species. This
led us to identify two putative cryptic species in addition to the already documented twaite shad  located
along the Atlantic coast. The first putative lineage occurs in the continental coast of the Mediterranean and

the second one in Corsica. These results confirm the observations of Le Corre et al. (2005 ) showing genetic
differences between the Atlantic and Mediterranean twaite shads using protein markers. They also suggest
that the Mediterranean twaite shad may be considered as an independent species, identified as Alosa agone
(Scopoli 1786) and considered as such in the recent atlas of freshwater fish from France (Bagliniere et al.

2020d),  based on the genetic  studies of  Le Corre  et  al.  (2005) and the morphological  observations of
(Bianco 2005). Nevertheless, it was also mentioned that this species is still very poorly documented and its
naming is  still  debated  within  the  scientific  community  (Chiesa  et  al.  2014;  Baglinière  et  al.  2020c).
Ideally, long-term crosses between lineages should be combined along with fitness measurement of the
resulting hybrids to better evaluate the taxonomic status of these putative species.  The identification of a
putative  lineage  in  Corsica  is  a  new finding.  A parallel  can  be  drawn  with  Salmo  trutta  that is  also
represented with many phylogeographic lineages (Bernatchez 2001), and locally differentiated populations
in  the  Tyrrhenian  area,  including  Corsica,  that  are  attached  to  the  Adriatic  lineage  rather  than  the

Mediterranean  lineage  (Berrebi  et  al.  2019).  Unfortunately,  microsatellite  data  are  poorly  suited  to
disentangle recent high drift (resulting in increased differentiation) from long divergence time. Again, a
whole genome approach would be necessary to better reconstruct the divergence history of all the species
and  sub-populations  or  cryptic  lineages  using  measures  of  divergence  such  as  Dxy.  Presently,  the
systematics of the genus Alosa remains confused because of the large number of subspecies of twaite shad
(Chiesa et al. 2014; Coscia et al. 2013; Bagliniere et al. 2020c.).

In addition, we have attempted to reconstruct the demographic history of the  two  species. We focused
broadly on the between-species divergence patterns, yet many caveats need to be pointed out. First, we only
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had a limited number of markers and it is therefore not possible to highlight the semi-permeable nature of
the genome and to discriminate local regions of the genomes that are freely exchanged from those that are
possibly impermeable to gene flow and that may be involved in reproductive isolation (Duranton et al.
2018). Next, this limited number of markers may explain the large credible intervals associated to some
parameters such as ancestral population size or migration rate from twaite shad into allis shad. Moreover,
the mutation rate is not known and the generation time remains difficult to estimate. With all these caveats
in mind, we were able to find higher support for a model of secondary contact between the two species than
for  alternative  models,  indicating  that  isolation  was  necessary  to  initiate  divergence  between  the  two
species. Most theories suggest that speciation is difficult to establish in the presence of continuous gene
flow (Barton and Bengtsson 1986; Bierne et al. 2011). Only a few studies convincingly support speciation
with gene flow and have explicitly attempted to discriminate among competing models (Martin et al. 2013;

Malinsky et al. 2015; Tusso et al. 2021). On the contrary, an increasing number of studies have reported
evidence  for  divergence  initiated  in  allopatry  followed  by  gene  flow  (e.g.  Roux  et  al.  2013,  2014;
Rougemont  et  al.  2017;  Rougemont  and  Bernatchez  2018;  Leroy  et  al.  2019;  Cayuela  et  al.  2020).
Interestingly, Tine et al.  (2014) and Duranton et al.  (2018) have reported the existence of two cryptic
species  of  sea  bass  (Dicentrarchus  labrax),  the  Atlantic  and  Mediterranean  Seabass  with  evidence  of
secondary contact (Tine et al. 2014), multiple islands of reproductive isolation (Duranton et al. 2018) and

cryptic genetic and demographic connectivity (Robinet et al. 2020). Similarly, Riquet et al. (2019) reported
the existence of divergent lineages of seahorses (Hippocampus guttulatus) on the Mediterranean  Sea and
the Atlantic coast as well as the existence of partially reproductively isolated cryptic lineages maintained in
sympatry within the Mediterranean Sea. Thus, including additional species distributed on both the Atlantic
coast and Mediterranean Sea would bring fruitful insights about the mechanisms generating diversity and
maintaining divergent lineages in that area.

Finally, our results have important conservation implications. First, our estimates of long-term effective
population size indicated that the Ne of twaite shad was higher than that of allis shad.  This estimate is a
long-term average based on the number of coalescent events that have occurred until all lineages coalesce.
It  reflects  the  historical  population  size  and  is  in  line  with  previous  phylogeographic  knowledge
(Alexandrino et al. 2006; Faria et al. 2012). Despite all the incertitude associated to ancestral population
size estimates, our results indicate that both twaite shad and  allis shad have undergone strong reduction
following their divergence. Therefore, the ongoing decline of the two species (Aprahamian et al. 2003;

Baglinière et al., 2003b; Rougier et al., 2012) is of further concern if the species already have a reduced
adaptive potential. These long-term trends further suggests a reduced evolutionary potential (Leroy et al.
2021).  Finally,  we were able  to  identify  and assign individuals  captured  at  sea of  unknown origin to
putative river or regional groups with a modest power. These results suggest that our markers set could be
improved (e.g. using additional markers or by moving to SNPs array) to identify individuals dispersing at
sea  and draw inferences  about  dispersal  distances  of  the  two species,  an  important  problematic  when
assessing the provenance of  individuals  in  mixed-stocks fisheries (Beacham et al.  2019; Nachón et al.
2020).

Conclusion and future directions

Our results indicate that Alosa species constitute an interesting model to study speciation and hybridization
between closely related species. Understanding the fitness effect of such ongoing hybridization will be off
utmost importance to help manage the species. For instance, if the species are increasingly constrained to
breed on overlapping spawning sites the rate of hybridization is expected to increase and this may lead to
increased fitness of the hybrid during the first  few generations of hybridization but  may  also increase
selection against introgression if recessive deleterious alleles are expressed. This could negatively affect
populations  size,  by  reducing  the  fitness  of  backcrosses  and  hence  decrease  the  species  evolutionary
potential. However, the application of the EU Water Framework Directive on good ecological status could
reverse the hybridization trend of these species, if the ecological connectivity of rivers is restored and the
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natural, separated breeding grounds of both species accessible again. Overall,  our results revealed deep
divergence followed by secondary contact and a prevailing role of gene flow between the two species as
well  as  among new cryptic  lineages  or  possible  species  of  twaite  shad.  These  results  highlighted  the
consequences of contrasted life  history strategies at the genetic  level  and suggest  that  the two species
should be managed jointly given their porous reproductive boundaries. We propose that whole genome
sequences will  help address several questions raised through the discussion, especially the inference of
historical divergence and demography of these species, and the inference of putative post-zygotic barriers
across the genome.
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Table 1:  Sampling information for each species. N = sample Size. Genetic diversity indices are as follows; A: number of allele.  Ar: Allelic  richness adjusted for sample size (8 in  A. alosa.  15 in  A. fallax). Ho: Observed

Heterozygosity. He: Unbiased expected heterozygosity. Fis: Coefficient of inbreeding. Details of shad populations captured at sea are available in the supplementary material (Table S1)

Species Region
Population

Site
ID

N
Collection

date
Lattitude

(N)
Longitude

(W)
A Ar Ho Hs Fis

A. alosa

Normandy

 Vire 1 29 2010-2011 49°19'37 1°06'46 5.08 3.78 0.54 0.54 0.010
 Orne 2 8 2011 49°16'51 0°14'40 4.00 4.00 0.60 0.56 0.069

 Sélune 3 5 2010 48°38'37 1°23'39 - - - - -

Brittany

 Trieux 4 16 2009 48°47'37 3°05'45 4.62 3.93 0.57 0.57 0.002
 Aulne 5 14 2001 48°14'53 4°11'32 4.46 3.80 0.55 0.49 0.120
 Scorff 6 34 2011 47°45'36 3°21'35 6.15 4.10 0.60 0.57 0.041
 Vilaine 7 30 2011 47°30'00 2°28'22 5.77 4.28 0.62 0.62 -0.001

Atlantic

 Loire 8 36 2011-2012 47°17'22 2°06'39 7.46 4.74 0.65 0.61 0.062
 Dordogne 9 26 2011 45°27'45 0°52'48 6.69 4.73 0.67 0.62 0.065
 Garonne 10 25 2011 45°27'45 0°52'48 6.46 4.61 0.64 0.62 0.028
 Vienne 10 6 1999 47°12'42 0°04'36 - - - - -

 Charente 11 41 1998-2011 45°57'44 1°01'06 7.31 4.62 0.64 0.57 0.108

Adour
 Nivelle 12 30 2012 43°23'11 1°39'54 5.08 3.95 0.62 0.61 0.011
 Adour 13 13 2011 43°30'45 1°29'54 4.85 4.25 0.62 0.61 0.015

Galicia Minho 15 10 2012 41°53'27 8°53'31 4.92 4.62 0.66 0.66 -0.005
UK  Tamar 20 4 2011 50°25' 4°12' - - - - -

A. fallax
 

Galicia
 Minho 15 24 2012 41°53'27 8°53'31 4.39 3.55 0.53 0.50 0.043
 Ulla 14 32 2011 42°25'21 8°39'27 4.46 3.03 0.43 0.44 -0.035

Adour  Adour 13 16 2011 43°30'45 1°29'54 4.69 3.98 0.58 0.45 0.228

Atlantic

 Charente 11 6 2011 45°57'44 1°01'06 - - - - -
 Dordogne 9 15 2011 45°27'45 0°52'48 4.46 3.40 0.50 0.44 0.107

 Loire 8 7 2011-2012 47°17'22 2°06'39 - - - - -
 Vilaine 7 2 2011 47°30'00 2°28'22 - - - - -

Normandy  Orne 2 15 2011 49°16'51 0°14'40 4.08 3.38 0.48 0.46 0.053

Mediterranean

 Rhône1 18a 30 2010 43°22' 4°50' 7.00 4.42 0.60 0.56 0.069
 Rhône2 19b 37 2010 43°22' 4°50' 7.00 4.56 0.59 0.59 0.002
 Vidourle 16 10 2010 42°35'15 3°02' 4.77 4.58 0.60 0.57 0.052

 Aude 17 15 2011 43°12'52 3°14 4.77 4.03 0.62 0.57 0.083
Corsica

 
Tavignano1 19a 50 2010-2011 42°06'19 9°32'42 4.62 3.44 0.56 0.53 0.043
Tavignano2 19b 15 2010-2011 42°06'19 9°32'42 3.92 3.46 0.53 0.54 -0.032
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Table 2: pairwise FST estimates for each species (non significant values are in bold italics).
A fallax

Minho Ulla Adour Dordogne Orne Aude Rhône1 Rhône2 Vidourle Tavignano
Ulla 0.147

Adour 0.081 0.204
Dordogne 0.088 0.233 0.029

Orne 0.207 0.289 0.180 0.144
Aude 0.224 0.253 0.169 0.217 0.170

Rhône S 0.229 0.253 0.182 0.220 0.173 0.010
Rhône V 0.227 0.264 0.184 0.225 0.166 0.011 0
Vidourl 0.245 0.289 0.177 0.240 0.217 0.011 0.001 0.016

Tavignano1 0.286 0.328 0.253 0.288 0.323 0.233 0.237 0.252 0.242
Tavignano2 0.303 0.345 0.260 0.308 0.358 0.248 0.249 0.268 0.262 0.011

A alosa
Minho Nivelle Adour Charente Dordogne Garonne Loire Vilaine Scorff Aulne Trieux Vire

Nivelle 0.119
Adour 0.094 0.060

Charent 0.058 0.093 0.032
Dordogne 0.059 0.055 0.013 0.008
Garonne 0.055 0.067 0.013 0.006 -0.001

Loire 0.046 0.052 0.032 0.019 0.006 0.009
Vilaine 0.073 0.056 0.029 0.032 0.018 0.022 0.005
Scorff 0.071 0.075 0.035 0.051 0.029 0.037 0.024 0.021
Aulne 0.101 0.109 0.056 0.049 0.062 0.052 0.047 0.052 0.023
Trieux 0.087 0.079 0.040 0.051 0.048 0.045 0.036 0.028 0.006 0.010
Vire 0.119 0.077 0.051 0.073 0.063 0.048 0.045 0.044 0.045 0.060 0.041
Orne 0.090 0.037 0.029 0.039 0.026 0.015 0.025 0.026 0.031 0.048 0.038 0.018
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Table 3: Results of assignment test of A. alosa and A. fallax captured at sea

A. Alosa

Sampling
 area

Number
 

Assignement
Population

Structure DAPC Geneclass

% % %

South 
Brittany

36 Atlantic 28 33 36

Brittany 11 8 11

Normandy 0 22 0

Minho 0 11 0

Nivelle 3 14 3

Pertuis 
Charentais

4 Atlantic 75 75 50

Brittany 0 0 25

Normandy 0 0 25

 Minho 0 25 0

A. fallax

South
Brittany

16 Atlantic 27 38 20

Orne 53 56 53

Minho 0 13 0

Pertuis
Charentais

21 Atlantic 66 62 62

Orne 5 19 5

Ulla 0 5 0

Gascogne
Golfe

5 Orne 100 100 80

Atlantic 0 0 20

North sea
6 Orne 75 75 75

 Atlantic 0 25 25

North 
Brittany 20 Orne 75 90 65
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