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Abstract

Identifying patterns of genetic structure, diversity, and connectivity in marine species is helpful for conservation purposes.
We conducted a range-wide, comparative study of genetic structure and diversity in anadromous and landlocked popula-
tions of two Eurasian shad species (Alosa alosa and Alosa fallax). Samples of A. alosa from 13 (N=660) locations, and A.
fallax from 30 (N=747), were studied with 21 and 18 microsatellite loci, respectively. The average pairwise Fgr among all
anadromous A. alosa sampled in different drainages was 0.083 compared to 0.306 in A. fallax. Genetic clustering analysis
identified five to six clusters for A. alosa and up to 16 for A. fallax. In most cases, the clusters identified were comprised
of populations that spawn in geographically neighboring drainages. A positive correlation between genetic and geographic
distance was found in anadromous A. fallax, but not in A. alosa. Within each species, landlocked populations were more
genetically differentiated than anadromous ones. Our results show migration and gene flow are higher in A. alosa than A.
fallax, which should be taken into account when determining the geographic scale at which to enact conservation measures
to protect each species. Most A. alosa and A. fallax populations were genetically differentiated, indicating that the loss of
any could result in a reduction of the adaptive potential for that species.
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Introduction

Understanding patterns of genetic structure and gene flow in
threatened species is useful for planning and assessing con-
servation strategies to protect them (Frankham 1995). This is
especially the case for anadromous species due to the central
role that migration plays in their life histories and popula-
tion genetics (Schtickzelle and Quinn 2007). For example,
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some anadromous species actively migrate to the locations
where they were born to reproduce (i.e. “natal homing”)
(McDowall 2001). Others only migrate short distances at
sea and, consequently, return to their natal drainage to spawn
regardless of their capacities to home. Such philopatric
migratory behaviors restrict gene flow among populations
and can promote genetic structure. However, even in species
that accurately home and disperse extremely short distances
at sea, either by mistake, chance, or design (e.g. to avoid
competition), individuals sometimes reproduce in non-natal
locations, or “stray”’, which tends to have the opposite effect
(Salmenkova 2017). In species that usually stray into local
drainages, spatial patterns in genetic differentiation such
as isolation-by-distance (IBD) are often observed. Data on
genetic diversity and structure in an anadromous species can
therefore yield important insights into its migratory behav-
iors and how they impact the exchange of individuals among
its populations, or “connectivity”’. Such information is cru-
cial for understanding why threatened species are in decline
and devising effective strategies to protect them.

For example, knowledge about connectivity can help
identify patterns of migration and gene flow that are
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important for population stability and persistence. Using this
information to help maintain natural levels of connectivity
has many advantages such as enabling species to re-colonize
drainages where local extinctions have occurred (Rieman
and Allendorf 2001; Schtickzelle and Quinn 2007; Martin
et al. 2015), increasing population growth via recruitment
from immigration (Gomulkiewicz et al. 1999), and help-
ing to maintain genetic and phenotypic diversity (Antunes
et al. 2006; Keefer and Caudill 2014). Knowledge about con-
nectivity can also be used to predict the geographic scale
at which the positive effects of conservation efforts such
as habitat restorations or fishing restrictions will impact a
species.

Here we present the first range-wide, comparative, study
of Alosa alosa and Alosa fallax to help further our under-
standing of genetic structure and diversity within each
species. The allis, A. alosa, and twaite shad, A. fallax, are
anadromous species that spawn in some of the same Atlan-
tic drainages along the coast of continental Europe and the
United Kingdom (Bagliniere et al. 2003; Aprahamian et al.
2003). Alosa fallax is also found in the Baltic, Mediterra-
nean, Adriatic, and Aegean seas. Adult A. alosa reach total
lengths of 70 cm, are strictly semelparous, and spawn hun-
dreds of kilometers upstream while the smaller A. fallax
(20-60 cm) is primarily iteroparous, and spawns in lower
parts of rivers and upper estuaries. Both species can disperse
at least 1500 km at sea (Sabatié¢ and Blagliniere 2001), but
may often only migrate to waters between 50 and 100 m
depth offshore from the watersheds where they spawn (Tav-
erny and Elie 2001). Although A. alosa and A. fallax are pri-
marily anadromous, freshwater populations of each species
exist. Freshwater populations of A. alosa were established
during the past century when anadromous individuals were
trapped behind dams built in several drainages in Portugal
(Pereira et al. 1999). Freshwater populations of A. fallax
naturally occur in several locations including northern Italy
and Ireland (Aprahamian et al. 2003).

Declines and extirpations of A. fallax and especially A.
alosa have been observed throughout their ranges and they
are now protected in some areas (Bagliniere et al. 2003;
Mota and Antunes 2011; Davies et al. 2020). Losses in each
species appear to be linked to environmental changes such
as the building of dams and weirs, and pollution (Costa et al.
2001; Maes et al. 2008; King and Roche 2008). Each spe-
cies also supports important fisheries that have been overex-
ploited (Bagliniere et al. 2003). Improvements in water qual-
ity, habitat restorations, stricter harvesting regulations, and
other measures taken over the past few decades appear to
have had a positive impact on A. alosa and A. fallax (Buysse
et al. 2008; Belliard et al. 2009; Sotelo et al. 2014). How-
ever, more intensive conservation efforts will almost cer-
tainly be necessary to ensure that each species can thrive in
many of the locations they inhabited just a few decades ago.
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Previous research has shown that genetic structure is gen-
erally lower in A. alosa than A. fallax. In one study of A.
alosa from throughout the Atlantic that used eight allozyme
loci the average (overall) Fgp was found to be 0.064 (Alexan-
drino et al. 2006). And, global Fgp based on 13 microsatel-
lite markers was found to be 0.026 among 15 populations of
A. alosa from northern France to northern Portugal (Martin
et al. 2015). In contrast, the average Fgp for A. fallax from
the Atlantic and the western Mediterranean was estimated
to be 0.288 (Alexandrino et al. 2006). Similarly, pairwise
Fg¢p estimates between several A. fallax populations from
the United Kingdom (UK) ranged from 0 to 0.162 based on
data for five microsatellite markers (Jolly et al. 2012). Popu-
lation structure was also found to be lower in A. alosa than
A. fallax in a range-wide study of each species using mito-
chondrial data (Faria et al. 2006, 2012). Positive correlations
between geographic and genetic distance (i.e., “Isolation-
By-Distance” or IBD) among populations within A. alosa
(Alexandrino et al. 2006; Martin et al. 2015) and A. fallax
(Alexandrino et al. 2006; Jolly et al. 2012) have been found
and were attributed to natal homing. However, all of these
studies included a limited number of highly polymorphic
genetic markers and populations, precluding general conclu-
sions across the entire species range.

Here we generated data on 13 A. alosa and 30 A. fallax
populations from throughout their ranges using microsatel-
lite loci (21 for A. alosa and 18 for A. fallax). This included
three A. alosa and four A. fallax freshwater populations that
are now thought to be completely cut off from immigra-
tion due to physical barriers (i.e., landlocked). We used this
data to test for differences in genetic structure and diver-
sity between A. alosa and A. fallax, and anadromous versus
landlocked within each species. We then use our findings to
make conservation recommendations for protecting A. alosa
and A. fallax.

Methods
Sampling

A total of 660 A. alosa from 13 locations, 747 A. fallax
from 30, were caught by gill netting or angling from 1991
to 2015 (Fig. 1, Table 1). All of the anadromous individu-
als sampled were caught while migrating upstream except
those from six locations indicated in Table 1, which were
caught in estuaries or at sea near the mouths of rivers where
they are known to spawn. Individuals of both an anadromous
and resident population are known to spawn in Lake Skadar,
and it was unknown from which of them our samples were
obtained. We, therefore, did not include Lake Skadar in any
analysis where life history was a factor. In several of the
locations sampled, individuals were caught during different
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Fig. 1 Map of sampling
locations. Blue (A. alosa)

and yellow (A. fallax) circles
represent sampling locations.
The locations corresponding
to each letter (A. alosa) and
number code (A. fallax) can be
found in Table 1. Green circles
on the map represent lakes or
reservoirs that were sampled
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years to obtain sufficient sample sizes for population genetic
analyses and enable us to examine interannual stability in
allele frequencies within spawning sites (Online Resource
Table 1). All tissue samples were preserved in 95% ethanol
or immediately frozen, and then stored at —80 °C. Differ-
ent subspecies of A. fallax have been recognized in Lough
Leane, Maggiore, Como, Garda, and Skadar, and the Rhone,
Herault, and Aude Rivers (Aprahamian et al. 2003 and refer-
ences there within), but for brevity, we refer to these here
as A. fallax.

— Borders
Lakes
~—— Rivers

Molecular Methods and data filtering

DNA was extracted from tissue samples using EasySpin
™ 96-well extraction plates according to the manufactur-
er’s recommendations. All individuals were genotyped at
24 microsatellite loci that were previously designed for A.
alosa, A. fallax (Faria et al. 2004), or A. sapidissima (Julian
and Bartron 2007). Subsets of the 24 loci were combined
into four “multiplexes” for polymerase chain reaction (PCR).
The loci in each PCR multiplex, primers for each locus, and
the annealing temperatures used during PCR can be found in
Online Resource Table 2. The Multiplex PCR Kit (Qiagen)
was used for all PCR reactions according to the manufactur-
er’s instructions. Multiplexed PCR products were run in an
ABI Prism Analyzer with an internal size ladder (Genescan

0°0°

Altitude
0 -416m 0 500 1000 km
|
3841m

350 ROX) and allele sizes were calculated using Genescan
(Applied Biosystems).

The microsatellite data were screened for potential prob-
lems that could impact our analysis. The inbreeding coeffi-
cient (Fig) (Weir and Cockerham 1984) for each locus-pop-
ulation combination was calculated using Genepop 4.0.10
(Rousset 2008). Exact tests were conducted using Genepop
4.0.10 to determine if the allele frequencies of any loci
significantly departed from Hardy—Weinberg equilibrium
expectations. And, linkage disequilibrium between loci was
estimated using the same software. The False-Discovery
Rate (FDR) (Benjamini and Hochberg 1995) was used to
control for multiple testing in the Fig and the linkage dis-
equilibrium analyses described here, and for our examina-
tions of genetic differentiation among temporal samples
(AMOVA), pairwise Fgp, Hardy—Weinberg equilibrium
(HWE) and bottlenecks described below.

Hybrids between A. alosa and A. fallax exist in nature and
are sometimes difficult to distinguish from the parental spe-
cies based on morphological characters (Alexandrino et al.
2006; Jolly et al. 2011; Mota and Antunes 2011; Faria et al.
2011; Taillebois et al. 2019). To identify hybrids in our sam-
ples we analyzed our microsatellite data using NewHybrids
(Anderson and Thompson 2002). Only the data from the 15
loci found to be appropriate for population genetic analy-
sis in both species (see below) were used for this analysis.
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NewHybrids were run using default genotype frequency
classes, uniform priors, a burn-in of 10,000 followed by
30,000 iterations of the data, and set to identify individuals
as pure A. alosa, pure A. fallax, F1 hybrids, F2 hybrids, A.
alosa backcrosses, or A. fallax backcrosses. All individuals
in landlocked A. fallax and A. alosa, where hybridization is
unlikely, were found to have a 99% chance or higher of being
pure in our NewHybrids analysis. We, therefore, removed all
individuals with a less than 99% chance of being pure from
all subsequent population analyses. Since the inclusion of
hybrids in our analyses of linkage disequilibrium, Fig, and
HWE described above could be problematic, we then re-ran
each of them using the filtered dataset. We then did a final
check of the remaining loci using MICRO-CHECKER 2.2.1
(Van Oosterhout et al. 2004) to test for false and null alleles
due to PCR errors.

To check if it was appropriate to combine microsatellite
data on samples obtained from the same location at different
times, we tested for genetic differences between them using
analysis of molecular variance (AMOVA) implemented in
Arlequin 3.1 (Excoffier et al. 2005) with 10,000 permuta-
tions to assess statistical significance. All samples found to
be from the same breeding populations per location were
then pooled.

Population structure and migration

Genetic structure among sampling locations was explored by
calculating pairwise Fgr (Weir and Cockerham 1984) using
FSTAT 2.9.3.2 (Goudet 1995) with 10,000 permutations to
assess statistical significance. In each case where Fgr was
found to be not significant, the statistical power for rejecting
the null hypothesis of genetic homogeneity was assessed
using simulations done with POWSIM (Ryman and Palm
2006). Briefly, in each simulation, we tested the statisti-
cal power of our data to detect allele frequency differences
between the pair of populations being examined given their
sample sizes and the Fgy that was estimated for them.
Genetic substructure and gene flow was further explored
using several different methods. First, we used BAPS
(Corander et al. 2008) to test the hypotheses that the number
of genetic clusters (K) in each species was between one and
the total number of sampling locations (13 for A. alosa and
30 for A. fallax) without using sampling location as a prior.
BAPS was run three times per species, and in each run, each
K was tested three times. To complement the BAPS analysis
and focus more on gene flow (Bohling et al. 2012), we also
analyzed our data using the admixture model in STRUCTU
RE 2.2 (Pritchard et al. 2010) without a location prior. Ten
iterations of STRUCTURE were run per K using a burn-
in of 500,000 replicates followed by 1,000,000 additional
replicates. The results of the replicate runs were combined
with CLUMPP v1.1.2 (Jakobsson and Rosenberg 2007) and
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visualized using Distruct v1.1 (Rosenberg 2003). Each K
was evaluated using the likelihood (Pritchard et al. 2000)
and AK (Evanno et al. 2005) method. Strong genetic struc-
ture and IBD like found here for A. fallax can sometimes bias
genetic clustering and admixture analysis (Pritchard et al.
2000; Frantz et al. 2009). We, therefore, used a hierarchical
approach to run STRUCTURE for A. fallax. This involved
initially analyzing all of the A. fallax populations together
and then, based on the results, doing separate runs for sub-
sets of populations based on a K of four (see “Results”) from
the full analysis. Lastly, factorial correspondence analysis
(FCA) was used to visualize the relationships among indi-
viduals of each species based on their multilocus allele fre-
quencies using GENETIX 4.05 (Belkhir et al. 1998). For
increased clarity, FCA was also used to analyze the 18 A.
fallax populations of the Atlantic and Baltic, and the 12 from
the Mediterranean, in two separate analyses.

To help visualize patterns of divergence and genetic
breaks within species, a neighbor-joining tree was generated
for each species based on Nei’s Dgr (corrected for sample
size bias) (Nei 1973) using PopTree2 (Takezaki et al. 2010)
with 1000 bootstrap replicates to evaluate node support.
Geographic restrictions to gene flow among anadromous
populations within each species were also studied using
BARRIER (version 2.2) (Manni et al. 2004). In the BAR-
RIER analysis, the number of loci that supported a particular
barrier was calculated assuming three (the default setting)
barriers for each species, and those supported by more than
half of the loci were reported.

Finally, we used BayesAss 3.03 (Wilson and Rannala
2003) to estimate recent migration rates among populations
within each species. Each run of BayesAss was done with a
burn-in of one million iterations and 100 million additional
ones for collecting data using the following acceptance rates
(-a0.7 -f1.0 -m0.3; see the manual for details). Adequate
mixing and convergence in the BayesAss simulations were
assessed by examining the trace files for each run using
Tracer v1.3 (Drummond and Rambaut 2007), and by run-
ning the analysis three times per species and comparing the
results.

Isolation by distance

We tested for the presence of a positive correlation between
genetic and geographic distance, i.e. isolation by distance
(IBD), for anadromous populations in each species. The
genetic distance estimates used were linearized with the
transformation Fgr/(1—Fgp) (Slatkin 1973). Geographic
distances were based on the shortest path between two
locations in marine water shallower than 300 m. This depth
cutoff was chosen because adult A. alosa and A. fallax are
known to inhabit marine waters up to 300 m (Quignard et al.
1981). The geographic distances were calculated using the
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Least Cost Path algorithm in qGIS (version 3.161) and a
bathymetry map generated in R using the getNOAA.bathy
package. Statistical significance of IBD was assessed using
mantel tests (Mantel 1967) with 10,000 permutations using
the software package IBD: Isolation By Distance (Bohonak
2002). We tested for IBD in each species, and then sepa-
rately on A. fallax from each the Atlantic and Mediterranean.
To avoid biases from including multiple samples from the
same spawning populations (see “Results”), and those with
extremely low sample sizes (N < 10), we excluded the Nis-
sum, Ringkobing fjords, and the Usk, Wye, Hérault, Tirso,
and Pineios Rivers A. fallax samples from our analyses of
IBD.

Genetic diversity and bottlenecks

Genetic diversity was studied by estimating the number of
alleles (A), expected heterozygosity (Hg), and allelic rich-
ness (A,) in each sample. A, was calculated using the soft-
ware program hp-rare 1.0 (Kalinowski 2004). Sample size
can bias estimates of A, (Leberg 2002), and we had samples
ranging in size from four to 117. We therefore estimated A,
using three different N per species for comparative purposes.
The number of alleles (A) and expected heterozygosity (Hp)
were calculated using FSTAT 2.9.3.2. To test for recent pop-
ulation bottlenecks, we used the software BOTTLENECK
1.2.02 (Piry et al. 1999) with default parameters and assum-
ing loci evolved according to the Two-Phased-Model.

Average Hy and A, (per population) between anadromous
A. alosa and A. fallax were compared using a f-test assum-
ing unequal variance. Normality of the Hy and A, data was
tested for using QQ-plots, and equality of the variances with
the F-test (results not shown). Differences in Hy and A,, by
locus, between landlocked and anadromous populations
within each species were tested for using a Wilcoxon signed-
ranks test. In this analysis, genetic diversity was compared
between each landlocked population and the anadromous
one to which it was most closely related based on our Fgy
analysis.

Results
Data filtering

Significant allele frequency differences between temporal
samples from the same location were not detected using
AMOVA (P> 0.05) and were pooled before further anal-
yses (Online Resource Table 1). Linkage disequilibrium
was not statistically significant between any microsatellite
loci pair. Exact tests for Fig revealed locus Af13, Asa6, and
AsaD429 in A. alosa (Online Resource Table 3a) and, Af6,

Aald, Af15, Af20, Asa8, and AsaD429 in A. fallax (Online
Resource Table 3b) had significant heterozygote deficiencies
in multiple populations and across all populations (per spe-
cies) and were not used in any subsequent analyses.

To avoid the inclusion of hybrids in our analyses, we
removed any individual that was not 0.99% pure based on
the NewHybrids analysis from all subsequent population
analyses. The number of A. fallax below 0.99 per sampling
location, and the original sample sizes, were as follows (in
parentheses): Solway Firth (3/16), Scheldt (1/23), Towy
(10/48), Severn (5/32), Wye (3/47), Usk (4/32), Minho
(2/46), Lima (5/37), Mondego (1/18), Tejo (17/57), Aude
(4/24), and Rhone (2/28). Similarly, the number of A.
alosa identified as hybrids in each sampling location were
Vienne (6/ 92), Charente (6/38), Lima (6/34), Mondego
(16/72), Tejo (2/38), and Guadiana (2/12). After filtering
these potential hybrids from our dataset, we then re-ran our
analyses of linkage disequilibrium among loci and HWE.
In all cases, loci and populations were found to be in HWE.
The loci found to be suitable for population structure and
diversity analysis were also found to be unlinked in all cases
(P>0.05). Our MicroChecker analysis indicated that the 21
remaining loci for A. alosa, and 18 loci for A. fallax, after
filtering were appropriate for population genetic analysis.

Population structure and migration

Pairwise Fgy estimates were significant in 72 of 78 of the
cases tested for A. alosa, and 427 of 435 of them for A.
fallax Online Resource Table 4a and 4b. The average pair-
wise Fgr between anadromous populations of A. alosa was
0.083 (range: — 0.007 to 0.286) while for A. fallax it was
0.306 (range: — 0.0190 to 0.655). The average Fgp between
landlocked and all other populations within each species
was 0.149 (range: — 0.007 to 0.321) for A. alosa and 0.538
(range: 0.215 to 0.731) for A. fallax. Our POWSIM analy-
sis indicated that in all cases where Fg; was found to be
not significant, statistical power was lacking due to sample
size (Online Resource Table 5). Average Fig per population
(Table 1 and Online Resource Table 3) were close to zero
(Iess than +0.09) in all cases except for three A. fallax popu-
lations that were higher (Solway Firth, Curonian Lagoon,
and Izmir) and two that were lower (Lake Maggiore and
Pineios River).

We examined genetic structure in A. alosa and A. fallax
using two different clustering algorithms. With BAPS, the
number of clusters with the highest posterior probability
was five for A. alosa (P=0.92; Fig. 2a) and 17 for A. fal-
lax (P=0.97; Fig. 2b). In our STRUCTURE analysis, in all
cases, AK estimates were highest for a K of two (Online
Resource Fig. 1a-e; Online Resource Fig. 2a and 2b). How-
ever, the likelihoods for each K generally increased sharply
to a K greater than two and then flattened out, except for A.

@ Springer
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Fig.2 Graphs from the Bayesian clustering analysis (BAPS) for A.
alosa (a) and A. fallax (b), and genetic breaks identified in the BAR-
RIER analysis. Letters (a) and numbers (b) refer to the populations in
Table 1 (under “M”) and Fig. 1. Green circles on the map represent

fallax in the north part of the Atlantic and Baltic sea where it
was about equal for a K of two and five. We, therefore, pre-
sent a range of K for each of the STRUCTURE analyses con-
ducted. The clusters identified in our BAPS and STRUCTU
RE analyses were the same for A. alosa and congruent for A.
fallax. However, the BAPS analysis for A. fallax suggested
greater fine-scale genetic structure throughout its range than
did the STRUCTURE. Based on our STRUCTURE analysis,
admixture was highest among neighboring populations and
within several geographic regions including areas north and
south of northern Iberia (A. alosa and A. fallax) and east and
west of Italy in the Mediterranean (A. fallax).

In our FCA analysis of A. alosa, the greatest allele fre-
quency differences were between individuals in the Gua-
diana drainage (the anadromous Guadiana and landlocked
Alqueva) and all other populations (First axis =4.28%
Inertia; Online Resource Fig. 3a). The second axis high-
lighted the differences between A. alosa north and south
of the Bay of Biscay. In the FCA analysis of A. fallax,
the first axis highlighted differences between the Atlan-
tic and Mediterranean populations (8.23% Inertia) and
the second, between the landlocked Lough Leane and all
others (3.31% Inertia) (Online Resource Fig. 3b). When
only A. fallax populations in the Atlantic and Baltic Sea
were considered, again, Lough Leane was shown to be
the most divergent group (5.51% Inertia), and that allele
frequency differences between individuals north and south
of northern Iberia were substantial (4.20% Inertia; Online
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landlocked populations. Genetic breaks identified in the Barrier anal-
yses are indicated by white rectangles and for A. alosa (a) are num-
bered by order of strength where “1” is the strongest

Resource Fig. 3c). In the FCA analysis of A. fallax in the
Mediterranean, individuals west and east of Italy had the
greatest allele frequency differences among them (7.27%
Inertia) seconded by those in Corsica and Sardinia (5.17%
Inertia) compared to all others (Online Resource Fig. 3d).

The NJ tree of A. alosa populations contained three main
clades: (1) the Guadiana and Alqueva, (2) populations south
of the Bay of Biscay (Aguieira, Lima, Minho, and Tejo), and
(3) those within and north of the Bay of Biscay (Garonne,
Charente, Vienne, and Aulne) (Online Resource Fig. 4a).
However, only the latter had bootstrap support above 70.
The NJ tree of A. fallax contained several well-supported
clades and branches, with a major split between the Atlantic
and Mediterranean populations (Online Resource Fig. 4b).

We identified geographic barriers to gene flow in A. alosa
and A. fallax using the program Barrier. The location of each
barrier identified is marked by a white rectangle in Fig. 2a
(A. alosa) and Fig. 2b (A. fallax). For A. alosa, where more
than one barrier was found, the rectangles are numbered in
order of statistical support. In A. alosa, the strongest barrier
(“17) was between the Guadiana and all other populations
and was supported by 12 out of 21 loci, followed by the Bay
of Biscay (“2”, 10 out of 21 loci) and the Aulne (“3”, 10 out
of 21 loci). All other barriers for A. alosa were supported by
5 or fewer loci. In A. fallax, the strongest barrier was found
at the Strait of Gibraltar supported by 11 out of 18 loci. All
other barriers for A. fallax were supported by 8 or fewer loci
and are not shown.
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Table 1 Sampling locations, sample sizes (), and genetic diversity

Sampling Pop

Species M Location N Code Country Latitude Longitude Fig Hg A,

A. alosa A Solway Firth + 12 SOF Scotland 54°50'41"N  03°49'43"W  0.00 046 343
B Aulne River 31 AUL France 48°16'51"N 04°16'12"W 0.01 0.44 3.04
C Vienne River 86 VIN France 47°15'32"N  02°11'60"W  —0.01 0.49 3.36
D Charente River 32 CHR France 45°57'03"N  01°04'23"W  0.01 0.51 3.65
E Garonne River 114 GAR France 45°36'06"N  01°04'07"W  0.02 0.48 3.35
F Minho River 45 MNR Portugal 41°51'58"N  08°52'11"W  —0.01 0.47 3.40
G Lima River 28 LIM Portugal 41°41'09"N  08°49'57"W  0.03 0.48 3.68
H Mondego River 56 MON  Portugal 40°08'44"N  08°51'44"W  0.02 0.47 3.59
I Aguieira Reservoir ° 63 BAG Portugal 40°21'10"N 08°10"30"W 0.02 0.44 3.29
J Tejo River 36 TEJ Portugal 38°40'60"N  09°14'32"W  0.01 0.48 3.58
K Cas. de Bode Reservoir ° 63 CBD Portugal 39°32'41"N 08°18'57"W -0.04 0.43 3.06
L Guadiana River 10 GUD Portugal 37°10'33"N  07°24'09"W  0.07 036 233
M Alqueva Reservoir ° 88 ALQ Portugal 38°12'39"N 07°28'49"W -0.03 0.37 241

A. fallax 1 Curonian Lagoon + 18 CRL Lithuania 55°27'42"N  21°12"27"E 0.14 034 231
2 Nissum Fjiord + 5 NSF Denmark 56°21'09"N 08°11'44"E -0.18 0.25 na
3 Ringkobing Fjiord + 5 RGF Denmark 56°00'51"N  08°13'50"E —-0.17 0.32 na
4 Solway Firth + 13 SOF Scotland 54°50'41"N  03°49'43"W  0.17 036  2.80
5 Lough Leane ° 47 LAN Ireland 52°0222"N  09°33'47"W  0.03 0.29 2.17
6 Scheldt Estuary + 22 SCL Belgium 51°24’48"N  03°41'18"E -0.01 0.32 2.55
7 Severn River 27 SEV England 51°34’50"N  02°40'58"W -0.08 043 3.06
8 Wye River 44 WYE England 51°37'16"N  02°3927"W  0.01 0.43 293
9 Usk River 28 USK England 51°32'54"N  02°59'04"W -0.02 042 293
10 Towy River 33 TYW England S51°45'50"N  04°22'52"W  0.01 0.45 2.85
11 Charente River 15 CHR France 45°57'03"N  01°0423"W  0.05 036 271
12 Minho River 44 MNR Portugal 41°51'58"N  08°52'11"W  0.04 041 2.70
13 Lima River 32 LIM Portugal 41°41'09"N  08°49'57"W  0.01 044  3.06
14 Mondego River 17 MON  Portugal 40°08'44"N  08°51'44"W  0.07 0.43 3.11
15 Tejo River 40 TEJ Portugal 38°40'60"N  09°14'32"W —-0.01 036 278
16 Mira River 23 MIR Portugal 37°43'04"N  08°47'11"W  0.00 026 212
17 Guadiana River 60 GUD Portugal 37°10'33"N  07°24'09"W  0.00 0.27 2.35
18 Sebou River 25 SEB Morocco 34°15'50"N  06°40'38"W  0.08 0.27 1.99
19 Aude River 20 AUD France 43°12'45"N  03°14"25"E 0.04 036 284
20 Hérault River 7 HER France 43°16'58"N  03°26'39"E 0.01 030 na
21 Rhone 26 RHO France 43°20'15"N  04°50'35"E 0.02 0.39 3.18
22 Tavignano River 15 TVG France 42°06'13"N  09°32'58"E 0.01 0.29 221
23 Tirso River 4 TRS Italy 39°52'48"N  08°3226"E 0.02 0.31 na
24 Lake Maggiore ° 32 LMG Italy 45°59'02"N  08°40"29"E -0.14  0.13 1.61
25 Lake Como ° 46 LCO Italy 45°59'17"N  09°14'43"E —-0.05 0.13 1.83
26 Lake Garda ° 47 LGD Italy 45°34'30"N 10°38'11"E 0.05 0.19 1.82
27 Po River 24 POR Italy 44°57'12"N 12°25'56"E 0.01 030  2.64
28 Lake Skadar 10 LSD Montenegro ~ 42°09'46"N 19°19'02"E -0.01 0.31 2.50
29 Pineios River 7 PIN Greece 39°56'05"N  22°43'01"E —-0.11 0.19 na
30 Izmir Bay + 11 IZM Turkey 38°25'52"N 27°04'50"E 0.23 0.27 1.98

The numbers (A. fallax) and letters (A. alosa) under “M” are map codes that correspond to the sampling locations on the map in Fig. 1. The
abbreviations for sampling locations under (“Pop. Code”) are used throughout the Online Resources for this paper. The locations with circles
next to them are currently landlocked populations. Those with a plus symbol (+) indicate that the samples were caught at sea. The location
for anadromous samples refers to the mouth of the river where they spawn. Fig refers to the average inbreeding coefficient, Hy to the average
expected heterozygosity, and A, to allelic richness based on a sample size of 10
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Migration estimates between populations from each of the
three BayeAsses runs per species conducted were similar,
suggesting the simulation parameters used in the analysis
were sufficient to reach convergence. This conclusion was
further supported by visual analyses of the trace files for
each simulation. We, therefore, present the average of the
three migration rate estimates (m) and their 95% credible
intervals (Online Resource Table 6a—d). Migration was con-
sidered significant if the lower limit of the credible interval
for the estimate of m was greater than zero. This occurred
in seven cases for A. alosa, and 22 cases for A. fallax. Spe-
cifically, migration was detected from two anadromous A.
alosa populations (the Garonne and Minho), and five A. fal-
lax ones (Scheldt, Wye, Minho, Guadiana, and Pineios) into
neighboring locations. Migration (or translocations) from
Lake Garda into Lake Como was also detected.

Isolation by distance

The geographic distances used in our IBD analysis were
calculated by measuring the shortest path in water shallower
than 300 m between two locations (Online Resource Fig. Sa
and 5b ). A pattern of IBD was not found in anadromous

A. alosa
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Fig.3 Plots of linearized Fg; with geographic distance (km) (Isola-
tion-By-Distance) in A. alosa and A. fallax. a A. alosa samples from
throughout their range, b A. fallax samples from throughout their
range, ¢ A. fallax from the Atlantic, d: A. fallax from the Mediterra-
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A. alosa (r=0.397, P=0.0962), but was in A. fallax from
throughout their range (r=0.666, P <0.001). IBD was also
detected in anadromous A. fallax from just the Atlantic and
(r=0.688, P<0.001), and those only in the Mediterranean
(r=0.528, P=0.031) (Fig. 3a—d).

Genetic diversity and bottlenecks

The average within-population H was 0.452 in anadro-
mous A. alosa versus 0.319 in A. fallax Table 1; Online
Resource Table 7a and 7b. The average A, (based on a sam-
ple size of 10) was 3.24 in A. alosa and 2.52 in A. fallax.
Using t-tests, Hg (P=0.01) and A, (P=0.01) were found
to be significantly higher in anadromous A. alosa than A.
fallax. Genetic diversity (Hy and A,) was nearly equal in
the Guadiana (anadromous) and Alqueva (landlocked) A.
alosa populations, but lower in the Aguieira and Castelo de
Bode (landlocked) compared to the Mondego and Tejo (ana-
dromous), respectively (Table 2).However, the differences
were only statistically significant in Castelo de Bode/Tejo
comparison. In each case, genetic diversity (Hy and A,) was
significantly lower in landlocked populations of A. fallax
than in the anadromous ones to which they were compared

A. fallax
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Table 2 Comparison of heterozygosity (Hg) and allelic richness (A,) for landlocked and anadromous populations of A. fallax and A. alosa

Species Anadromous / Landlocked He P A P n (4,)

A. alosa Mondego River / Aguieira Res. 0.47/0.44 0.31 5.09/4.54 0.06 56
Tejo River / Castelo de Bode Res. 0.48/0.43 0.048 4.62/3.56 <0.010 36
Guadiana River / Alqueva Res. 0.36/0.37 0.56 2.33/243 0.53 10

A. fallax Po River / Lake Maggiore 0.30/0.13 <0.01 3.22/1.88 <0.01 24
Po River / Lake Como 0.30 /0.13 <0.01 3.22/231 <0.01 24
Po River / Lake Garda 0.30/0.18 0.01 3.22/2.08 <0.01 24
Lima River / Lough Leane 0.45/0.29 <0.01 4.11/2.57 <0.01 32

The statistical significance between each pair of populations provided under “P” is based on a Wilcoxon-signed rank test. The number of indi-

viduals used to calculate A, is given under “N(4,)”

(P <0.05). Bottlenecks were not detected in any of the A.
alosa populations studied, and just one of the A. fallax (Lake
Como, P=0.02).

Discussion

Here we conducted the first range-wide population genetic
analysis of anadromous and landlocked populations of A.
alosa and A. fallax. Genetic structure was found through-
out the ranges of both species. However, patterns of genetic
differentiation, gene flow, and diversity markedly differed
between the two species. Here we discuss these findings and
their implications for conservation.

Population genetic structure in A. alosa

Pairwise Fgr between populations of A. alosa in France and
Scotland, and those in Portugal, were consistently high for
the species. This suggests a genetic break exists in the south-
ern Bay of Biscay or northern Spain for A. alosa, as has been
seen in other species (Catanese et al. 2017; Robinet et al.
2020). This break was also supported by our cluster, FCA,
barrier, migration, and phylogenetic analyses. The absence
of any major rivers or known A. alosa populations between
the Garonne River in southern France and the Minho River
in Portugal may restrict gene flow between these two areas.

Individuals from most of the anadromous populations of
A. alosa that we examined were included in just two genetic
clusters identified in our BAPS (and STRUCTURE) analy-
sis. This suggests there is considerable gene flow in this spe-
cies, especially within the regions represented by these two
major genetic clusters. One of the two clusters is comprised
of populations from France and the UK, and the other from
those in Portugal. Genetic differentiation among populations
included in each of these two clusters was low (Fgr <0.027),
but usually significant, especially for the Mondego in Por-
tugal. This suggests that while straying among populations
within these two regions is common, individuals regularly
return to their natal river to spawn. The two anadromous

populations not included in these two major clusters (the
Guadiana and Aulne) spawn in drainages at the edges of the
current range of A. alosa, which may have contributed to
their geographic isolation and divergence.

The close genetic relationships (Fgr<0.014) between
the Solway Firth population in the U.K. and most of those
sampled in France suggests that straying in this region may
occur over thousands of kilometers. This result was some-
what unexpected because Solway Firth in Scotland is more
than 1500 km from the mouths of the Vienne, Charente, and
Garonne Rivers in France and geographically closest to the
Aulne River. Yet, all of these populations were several-fold
more genetically distinct from the Aulne (Fgp>0.05) than to
each other. This may be explained connectivity that occurs
in shallower waters off the western coast of the UK, away
from the Aulne (Fig. 1). In addition, genetic diversity in
the Aulne was the second-lowest among all of the anadro-
mous A. alosa populations studied, suggesting it may be a
relatively small population that has rapidly diverged due to
increased genetic drift. It is also possible that some or all of
these populations have recently been (re)colonized and are
not yet at migration-drift equilibrium.

The three landlocked populations of A. alosa we exam-
ined were more closely related to the anadromous ones in
each of the drainages they inhabit than any other we studied
(Tables 3A and 3B, Online Resource Fig. 3a and 3b). These
results confirm that these three landlocked populations were
independently derived from anadromous fish that were
trapped within each reservoir when the dams were built.
The three landlocked populations had the highest Fgp values
for the species, which could be due to founder effects, bot-
tlenecks, genetic isolation, or a combination of these factors.
Our BOTTLENECK analysis did not show that population
instability has affected genetic diversity in any of these three
populations. Shad spawn in large schools (Bagliniere et al.
2003; Aprahamian et al. 2003) and reproduction is unlikely
to occur with only a few individuals. If spawning behavior
creates a lower limit to the N, of colonizing populations,
founder effects may not have had a significant impact on
genetic diversity in landlocked populations of A. alosa. This
hypothesis is supported by our finding of genetic diversity
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(A, and Hg) in the Alqueva and Aguieira is about equal
to that in the anadromous populations that founded them
(Table 2). Construction of the dams on the Tejo, Mondego,
and Guadiana Rivers began in 1945, 1972, and 1998 and
formed the Castelo de Bode, Aguieira, and Alqueva Reser-
voirs, respectively. The divergence between the landlocked
Castelo de Bode population and the Tejo, which founded
it, was more than three times higher than between the Agu-
ieira and Mondego or Alqueva and Guadiana (same relation-
ship). These results suggest that the Castelo de Bode popula-
tion has significantly diverged in just a few decades due to
genetic isolation. This rapid evolution may also be due to
the Castelo de Bode having a lower carrying capacity (and
population size) than the Tejo River, which could acceler-
ate the loss of genetic diversity and divergence due to drift.

Population genetic structure A. fallax

Pairwise Fgr between A. fallax populations from the Atlantic
and Mediterranean were generally greater than 0.1, indicat-
ing that a genetic break exists within A. fallax at the Strait of
Gibraltar. This break was also supported by our clustering,
FCA, Barrier, and phylogenetic analyses, and suggests that
gene flow between these two areas is restricted. However,
the divergence between A. fallax from these two areas may
also be due to past vicariance during glacial periods (Faria
et al. 2012), as has been found for a variety of other marine
species (Patarnello et al. 2007).

As evidenced by the strong patterns of IBD found in A.
fallax, and our clustering, phylogenetic, and FCA analyses,
populations of A. fallax were usually most closely related to
their nearest geographic neighbors. This was found to be the
case throughout its range, and within the Mediterranean and
Atlantic, suggesting it is a general feature of the species. One
exception to this was the close relationship between where
the A. fallax population from Solway Firth (Scotland) and
the Scheldt (Belgium), Nissum (Denmark), and Ringkobing
(Denmark) in the North Sea. These populations clustered
together in our BAPS and STRUCTURE analyses (Fig. 2b,
Online Resource Fig. 2b), and pairwise Fgr among them
were below 0.05 (Online Resource Table 4b). Given the
observed divergences of other populations from the UK (e.g.
the Towy and Severn), the close relationships among the
Solway, Scheldt, and Ringkobing populations suggest gene
flow has occurred along the north side of Scotland and down
the east side of the U.K. into the North Sea. This adds sup-
port to the hypothesis that migration in shad occurs offshore
in this area, as we suggested earlier based on our analysis of
A. alosa from Solway Firth.

Like in A. alosa, genetic differences between landlocked
and anadromous populations of A. fallax were among the
highest observed for the species. The average pairwise Fgy
between A. fallax in the Italian glacial lakes (the Como,
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Garda, and Maggiore) and the anadromous one in the
Po was 0.348. Divergence of A. fallax in Lough Leane
from nearby anadromous A. fallax in the UK and northern
Europe was also substantial (average Fgp> 0.300), as has
previously been observed (Coscia et al. 2010). All four
freshwater A. fallax populations studied are now thought
to be geographically isolated, which has likely contributed
to their divergence from anadromous populations. Like in
A. alosa, freshwater populations of A. fallax may have a
lower carrying capacity and consequently size than ana-
dromous populations, which has contributed to their diver-
gence. Fgr for the two most closely related anadromous
and freshwater populations of A. fallax that we studied
(the Lake Garda and Po populations) was severalfold lower
than any other pair. As the Lake Garda and Po populations
could exchange migrants as recently as 50 years ago via
the Mincio River, their close relationship suggests that
connectivity is a strong determinant of rates of divergence
in landlocked populations of A. fallax.

Genetic diversity in A. alosa and A. fallax

Genetic diversity (Hg and A,) was found to be higher in
populations of A. alosa than A. fallax (Table 1), which is
consistent with findings from microsatellite data analyzed in
Jolly et al. (2012), but conflicts with previous studies based
on mtDNA and allozymes (Faria et al. 2012; Alexandrino
et al. 2006). The markers used in each of these studies are
influenced by mutation, genetic drift, and selection in dif-
ferent ways (Galtier et al. 2009), which may explain these
inconsistent results. Our results suggest that, despite this
potential species-wide difference, contemporary admixture
in A. alosa has resulted in greater within-population genetic
diversity in A. alosa than A. fallax. However, this and other
hypotheses should be further tested with additional markers
across the genome.

Genetic diversity was found to be lower in landlocked
versus anadromous populations of each species, except in the
cases of the most recently geographically isolated A. alosa
populations (the Alqueva and Aguieira). In the Alqueva and
Aguieira, genetic diversity was not found to be significantly
different than in the anadromous populations that founded
them, suggesting that they were not greatly impacted by
founder effects. If founder effects were similarly low in the
Castelo de Bode population (A. alosa), and the four freshwa-
ter populations of A. fallax that were studied, loss of genetic
diversity in them is likely due to their geographic isolation,
and genetic drift over time. However, this idea should be
tested using simulations. A bottleneck was detected in the
Lake Como population, suggesting a recent decrease in pop-
ulation size has reduced genetic diversity in this population.
Since bottlenecks can be difficult to detect with less than
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tens or hundreds of loci (Peery et al. 2012), their potential
impact on genetic diversity should be further evaluated for
these populations using a more powerful dataset.

Philopatric behavior in A. alosa and A. fallax

A pattern of IBD was not found in A. alosa but was in A.
fallax. This result conflicts with previous studies where
IBD was detected in each species (Alexandrino et al. 2006;
Jolly et al. 2012). However, it is consistent with estimates
of migration in A. alosa based on otolith microchemistry
where returning spawners were often from non-neighboring
populations (Martin et al. 2015). It also fits with our Bayes-
Ass analysis where migration from the Minho River into
the neighboring Lima and Mondego Rivers was observed
in both species and was higher in A. alosa than A. fal-
lax (Online Resource Tables 6a and 6b). Migration from
the Minho River was also detected further south than the
Mondego River (in the Tejo River) in A. alosa, but not A.
fallax. These findings suggest that straying occurs more
frequently, and over greater distances, in A. alosa than A.
fallax. However, we cannot exclude the possibility that dif-
ferences in genetic structure between A. alosa and A. fallax
are due to them having different demographic histories, such
as if A. alosa populations were founded, or re-colonized,
more recently than A. fallax.

It is possible that genetic structure in A. alosa and A.
fallax is not due to natal homing, but rather limited disper-
sal distances. However, A. alosa and A. fallax are thought
to widely disperse at sea (Aprahamian et al. 2003; Martin
et al. 2015; Davies et al. 2020), including sea migrations up
to 1500 km (Sabati¢ and Blagliniere 2001). They also stay
at sea for several years before returning to spawn (Lassalle
et al. 2008). Given the time each species spends at sea, and
that they inhabit marine waters with different bathymetries,
currents, and patterns of upwelling, it is likely that individu-
als from most populations migrate, or are transported, vari-
ous distances at sea to feed. If so, then the strong pattern of
IBD found for A. fallax, and its consistency in the Atlantic
and Mediterranean, is likely at least partially due to natal
homing. Similarly, the genetic structure in A. alosa shown
here, and IBD found in previous studies, are consistent with
them having some capacity to home. Our results show that
if natal homing is occurring in each species, fidelity is lower
in A. alosa than A. fallax. This may be due to differences
in their abilities to home, dispersal distance at sea, or other
factors such as a higher evolutionary cost of emigration in
A. fallax.

Management recommendations

We have conducted, to our knowledge, the most complete
assessment of genetic structure and diversity in European

shads to date. Information on the migratory behaviors of
anadromous species including salmon (Banks et al. 2000;
Hendry et al. 2004), sturgeon (Stabile et al. 1996), and other
shad (Waters et al. 2000; Hasselman et al. 2010) is regularly
used to devise and assess management plant to assess them.
The results of our work combined with that of numerous
other authors highlighted above should similarly serve as
valuable resources for conservation managers focused on
protecting A. alosa and A. fallax and other species in their
communities.

The Allis and Twaite shad could be managed together to
some extent due to their similar life histories and overlap-
ping ranges. However, our results show that conservation
units (Moritz 1994; Waples and Lindley 2018) should span
larger areas or include more populations in A. alosa than A.
fallax. Since straying is likely more common and occurs over
greater distances, in A. alosa than A. fallax, positive effects
of immigration (see Introduction) are expected to have a
more geographically localized impact in A. fallax than A.
alosa. Our analysis of migration showed that gene flow from
the Garonne and Minho (A. alosa), and the Scheldt, Wye,
Minho, Guadiana, and Rhone and (A. fallax) into neighbor-
ing populations is substantial (Online Resource Table 6a
and 6b). This indicates that these populations are signifi-
cant sources of migrants within each species and may be
especially important for maintaining natural levels of con-
nectivity within each of them. Other studies have identified
populations with high immigration rates such as those in
the Nivelle (Taillebois et al. 2019) and Severn (Jolly et al.
2012; Martin et al. 2015; Davies et al. 2020) Rivers that too
should be protected. However, given that most populations
of A. alosa and especially A. fallax were genetically distinct,
each may play an important role in the population dynamics
of each species and should be conserved.

Genetic diversity was found to be higher in populations
of anadromous A. alosa compared to A. fallax, which we
concluded is due at least in part to different degrees of
admixture and migration within each species. Consequently,
reduced connectivity via immigration could have a particu-
larly strong negative impact on genetic diversity in popula-
tions of A. fallax. Genetic diversity was lower in all three
landlocked A. fallax populations that were studied when
compared to anadromous ones, as was it for the oldest of the
three A. alosa that we examined. Since all of the landlocked
populations that we studied are currently geographically
isolated, and some had reduced genetic diversity, efforts
should be made to preserve what variation remains in each
of them. This should include the removal of dams and weirs
that impede or block gene flow into freshwater populations,
or the installation of effective fish passes for these species
to mitigate their effects.
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