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RESUME ETENDU EN FRANCAIS

Exploration du fonctionnement de la métapopulation de grande alose
(Alosaalosa) AO OOAOAOO AA 18ET Oi COAOET T AA
des otolithes dans des modeles de réassignation Bayésiens .

Contexte

La grande aloseAjosa alosa est un poisson amphihalin anadrome se reproduisant en riviere
aprés une période de maturation en mer de quelgues années. Actuellement, cette espéce se
répartie des cbtes du Portuga nord de la France. Depuis le milieu du XXeme siécle, une

contraction de | 6aire de r®partition sodest s
Chest |l e cas notamment de | a popul ation de
importanted 6 Eur ope. A | 0heure actuell e, m°me si | ;:

surp°che sont per-ues comme des causes aggra
a ce jour inexpliquée. Malgré un moratoire sur la péche mis en place &n&®6iuation de la
grande alose en Garonne reste inchangée.

Actuell ement , nous disposons de peu de conna
particulier sur sa tendance a retourner se reproduire dans sa riviere natale, ou au contraire a
erg entre rivi res. Cette mauvaise connai ssa
savoir si |l es aloses de chaque bassin consti

existe des échanges entre bassins et donc un fonctionnemepe deétgpopulation. Il est donc
crucial pour la gestion de parvenir a évaluer le taux de retour des populations sur leurs riviéres
natales mais également de qualifier la direction des échanges et de les quantifier. En 2015,
Martin et al. ont réassigné deslaltes de grandes aloses a leurs rivieres natales a partir de la

mi crochimie des otolithes pour ®tudier | es <c
aire de répartitionl] a ainsi été montré qua grande alose est relativement fidele alsassin

versant doéorigine, sans pour autant exclure
cette étude a soulevé deux principales limites( 1) compte tenu de |1 06ind
déindices dbébabondance, Messbhus do®ohapgsspe
(2) |l e mod | e de r®assignation reposait sur

référence échantillonnées.

Objectif

La présente étude propose donc de poursuivre ce travail en essayant de palier dioatedeux

Dans un premier temps nous proposons de construire des modeles alternatifs permettant de
sébaffranchir de | 6hypoth se dbéexclusivit®, e
un second temps, les sorties du modéle sélectionné sot@aps ~ des esti mat i
débabondance de reproducteurs afin dé®tudier



estimés par le modéle, et les bassins versants de reproduction, correspondant au lieu de capture
des géniteursau coursdeleugmiat i on de reproduction en rivi
bassins devrait permettre de confirmer ou dboé
cette étude devrait permettre de proposer une priorisation des bassins versants a protéger et a
res aurer ° | 6®chell e de | 6aire de r®partition

Matériels et méthodes

Les otolithes sont des pi ces calcifi®es de
accumul ation de compos®s pr®sents dans | 6eau
En ci bl ant une abl ation | aser sur une zone re
cibler la phase juvénile, et donc prédire la signature microchimique de la riviere natale a partir

de celle de | d6otolithe.

% Construction et choix du meilleur modéle

Dans un premier temps, une remise a jour du modéle développé par dati(R015) est
effectu®e. Pour <cel a, nous couplons des don
grandes aloses (N = 615) capturées pendant leur migration de reproduction sur 15 rivieres, avec
des données microchimiques de référence. Ces donnédéréacé sont

- Des donn®es microchimiques dbéeau ®chantil
des riviéres de reproduction

- Des données de microchimie des otolithes de juvéniles (N = 44) capturés sur 5 riviéeres.
Cette donnée est une référence puisquuigmiles capturgdans une riviere y sont
nés.

Par inférence Bayésienne, les adultes sont réassignés de maniére probabiliste a leur riviere
natale. Ce modele autorisant la réassignation des poissons uniguement dans les rivieres de
référence, nous propamss de construire un second modéle Bayésien ne fixant pas le nombre de

sources natal es. Ce mod | e 7 m®l ange infini
nombre de sources natales et doestimer | a pr
ces sources. Etant donn® que ce mod lee» néi nt

entre les sources prédites et des rivieres de reproduction ne peut étre établi. Nous construisons
donc un dernier modéle Bayésien, nommé modéle hybride, qui proeinuler les avantages

des deux modéles précédents en estimant le nombre de source et associant, quand cela est
possible, les poissons aux rivieres de référence. Dans le cas contraire, les poissons sont
réassignés dans des sources extérieures, dononouoes.

Compte tenu du fait que notre jeu de référence non exhaustif ne permet pas de valider les
modeles, nous proposons de comparer leur pertinence. Pour cela nous utilisons plusieurs
mesures de cohérence

- Des criteres statistiquesine mesure de dérice et de la convergence des parameétres



- Des indicateurs de cohérence | a probabilit® maxi mal e de
Shannon et le nombde sources estimées par poisson
- Des critéres écologique$a comparaison des sources prédites par leseliffe modéles

La comparaison des modeéles nous permet ainsi de choisir le modéle le plus pertinent avant de
d®vel opper un mod | e dé®changes de flux entr

% Modéled échanges entre bassins versants

Ce modéle repose sur une estimation des diotre les rivieres donneuses (i.e. les rivieres
natales prédites par le modele sélectionné) et réceptrices (i.e. les rivieres de reproduction ou ont

®t ® captur®s |l es adultes). En multipliant | e
bas# versantavec les probabilités de naissance estimées par le modeéle, nous estimons les flux
do®changes. 1 est ai nsi possible dobesti mer
popul ation et do®tablir quel |l esNousipouvonsrdes pr c
cette maniére distinguer les rivieresaurcee |, qgui produisent plus de
recoivent, etlesrivierespuitsé , qui r e-oi vent plus de g®nit el
per met do®t abl i r sinswersanpsraprotéger etaestaurem des bas
Résultats

Le mod Il e " m®lange infini de Gaussiennes a

donc pas été conservé pour la suite des analyses. Le modéle hybride a permis de mettre en
évidence des poissoraix signatures microchimiques atypiques ne correspondant pas aux
sources de références. En revanche, le modele hybride présentait une convergence et une
pertinence écologique plus faible que le premier modele. De plus, compte tenu du fait que 99%
desaduk s ont ®t ® r ®assign®s dans des sources ccC
dans notre cas do®tude. Nous avons donc s®I ¢
sources pour étudier le fonctionnement de la métapopulation de grande alose.

Nous avons montré que cette espéce réalise principalement un retour sur riviere natale, et dans
une moindre mesure, des ®changes significat.i
la distance a été mis en évidence a partir de 250 km entieidess natales et de reproduction.

Conclusion

Cette ®tude a permis de montrer qubil serai-t
grande alose surchaquesque pul ati on dans | 6aire de r®part
modele hybrideCe dernier pourrait étre plus adapté a des études disposant de peu de données

de r ®f ®rence. Le mod | e d6®changes a per mi s
les souspopulations isolées sont a protéger en priorité. Le fonctionnement en pmétdajmm

mi s en ®vidence dans cette ®tude pousse ~ | a
temporelle en mettant en place un progr amme
exhaustif sur | 6ensembletdailtd@®inr@ude er @prarte
déun repl acement des grandes aloses vers | e
changement climatique.
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1. Introduction

In the context of global change, understandisly species distributiomnd ecology is an
important challenge to improve stacknanagement and ensupepulationssustainability
(Jorgenseret al. 2007; Hamann & Kennedy 2012y, using more or less distant habitats,
migratory species are especially at ri8ilcove 200§, as such diadromous fishes which
complete their lifecycle by doing seasonal or lilgage migrations between the sea and the
freshwater habitat@vicDowall 200§. During the last century, most temperate diadrostish
species underwent dramatic declines within the North Atlantic area mostly caused by
anthropogenic pressurdsmburg & Waldman 2009 Amongdiadromous fishes, anadromous
speciespend most of their lifeycleat sea beformigratingto freshwatehabitatso reproduce
(Gross et al. 1988vicDowall, 2009. TheEuropearAllis shad Alosa alosg an anadromous
Clupeidae, remainas juvenile in freshwatefior few weeksbefore performing a seaward
migrationasYOY (i.e. Young Of the Year) and spends a several years long growth phase at
sea(Lochet 200%. Mature individualseturn to freshwater toeproduce ageddiween 3and 7
years(Lochet 2009. Reproduction occurs in thegher middle watercourse of riveirs spring
and summer(Bagliniere et al. 2003. Most Allis shads are semelpus (i.e. individuals
generally die after reproduction) but a fraction of the population is iterop@rociset 2009.

The distribution area of Allis shad has significantly decreasech Norway to Moroccan
the middle of the 20 century,to an actual rangfom France to PortuggBagliniéreet al.
2003. Allis shad is spread in populations (i.e. groups of individuals which reprodube in
samerivers) through the distribution rangentil the end of the 20 century, the Gironde
population was considered as the most important in EEd@e& Bagliniere 2000; Castelnaud
et al.2001). However, &the beginning of the 2000s, the Gironde population collaffsadgier
et al. 2012. Despite a drastic fishing ban measure (i.e. a total moratorium enforced in 2008;
COmité de GEstion des Poisson Migratgutise stock has noteevered yet. In parallel, from
the midtwentieth century, a decrease in the number of spawners was observed in the Minho
river in Portuga(Mota et al.2015. Water pollution, habitat loss, obstacles to migration (such
asdamg and overfishing have been suggested as possible causes of shad populations decline
(Jonssoret al. 1999 De Groot 2002timburg & Waldman 2000 To analyze the collapse and
decline of ppulations, a deeper knowledge of the whole dynamic of Allis shad populations is
necessary to understand whether this species form discrete independent populations or have
significant exchanges of individuals between-populationsresulting in a metapapation
(Kritzer & Sale 2004 Here, a metapopulation stands for a group ofpaulations inter
connected by the dispersal of individugf®ung 1999; Kritzer &Sale 200X

In this context, whether Allis shad display a homing or a straying bahigvan important
guestion.The homing is defined as the return of adults to their natal siifdamowall 2009.
It occurs at local scale (e.gatal site) or at laey scale (e.g. river or watershg&tewart et al.
2003; Quinn et al2012; Hamann and Kennedy 2Q1Zonversely the strging behavior
corresponds to gpawning migration to nenatalsite (Quinn 1993; Keefer & Caudill 20}4
The straying and the hang behaviors are two lifaistory traits in equilibrium inmigratory
fish populationgQuinn 1984. Homing is probablyavored compared tihe straying behavior
in rivers presenting stables annual characteristics and-cuiglity habitatsbecauseit
potentially increases the survival of juvenitasough local adaptatiof@uinn 1984; Hendrt
al. 2004). However, the straying behavior could be favored in unstable river, allowing the
maintenance of genetic diversity, the ability for adaptation to unpredictable environments and
thus the optimization of the individual fitne@serr & Secor 2012; Keefer & Caudill 20).4
Therefore the estimation of the homing/strayprgportion in a population is an important
concernin order to enhance the understanding of the adaptive potential of a population across
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the distribution aredKeefer & Caudill 2013 It is also important to understand whether
populations display a strict homing, which would induce no exchanges between populations, or
perform straying, which would favor a metapopulation functioning. The homing ioehav

well described for salmon and trout spe¢iesefer &Caudill 2014. However, very fevgtudies

have focused on the homing behavior of Allis shad. In particular, little is known about the
proportion of straying individuals in the European catchments. Nevertheless, several methods
as geneticAlexandrino & Boisneau 20Q0@\lexandrinoet al. 2006) or morphological analysis
(Sabatiéet al. 2000 have already been tested in order to discriminate Allis shad populations
structure without bringing clear results. From the end of the twentieth century, the otolith
microchemistry has shown up its efficiency to examine fish migration, natal origin and
populations connectivityKennedyet al.2002; Daveraet al.2012; Rookeet al.2018.

More specifically, otoliths have been widely used to investigate the homing and straying
behaviorsOtolithsof teleost fish are small calcareous concretions locatieinner eawhich
are involved in the fish balancé/@tabeet al. 1982. The otolith grows during the entire life of
fish by continuous accretion of metabolically inert elements originating from the ambient water
(Campana 1999 One of the most important properties of this calcified structure is the
continuous growth all alontpe life without resorption. Consequently, otoliths could be seen as
t he fholxadc kof f i selBesssucturema usedttorestimatetthe age and the growth
rate of fish(Campana 2001 discriminatestocks (Thresher 1999 Campana et al. 2000
determine migration pathway@Valther & Limburg 2012 and reconstruct environmental
history(Elsdon & Gillanders 2002As the otolith incorporates elements from the surrounding
water, coupling microchemistry and midrcrements analyses iused to reconstruct the
habitat use of the fish from birth (i.e. the core of the otolith) to death (i.e. the edge of the otolith)
(Bath et al. 2000; Walther & Thorrold 2006 Among elements, the otolith elemental
concentrations in Strontium (Sr/Ca) and Barium (Ba/Ca) are mostly influenced by ambient
water composition, making them good tracers to reconstruct migration pathways and especially
ecological transition between fregater and marine compartmefitennedyet al.2000. Bath
et al. (2000 found a linear relation between otolith and water concentration of Ba and Sr,
allowing the estimation of partition coefficients (D). Besides, the isotopic ratio of Strontium
(®’SrFsr) is known to be a powerful fish marker of natal origin, especially for species which
carry out their juvenile stage in freshwafennedyet al. 2000. This tracer is known to be
stable over the years and to reflect the geochemistry of the stream, allowing the discrimination
of rivers Kennedyet al. 2000; Walther & Thorrold 2005 Contrary to the Ba/Ca and Sr/Ca
ratios, the isotopic ratio of Strontium is not fractionated between the water and the otolith
compartmentsiennedy et al. 2000; Blum et al. 200®uilly et al.2014). Thus, thé’SrF°Sr
ratio in the otolith is similar to tH&Srf°Sr ratio in the water. Therefore, the combination of the
Sr/Ca, Ba/Ca and th¥SrFSSr ratios appears as a relevant way to discriminate freshwater
habitats, and thus investigate the natal origin of fishes.

Because of technical advances, the otolith microchemistry approach currently figures as one
of the most relevant methods to investigate Allis shad natal drigimas et al. 2009¥1artin
et al. 201%. In 2005 Tomaset al.examined the structure of Garorin®ordognepopulations
using otolith microchemistry analysis, in order to test whelltgdogne River was producing
spawners that would reproduce in the Garonne River.lResiggested that Dordognever
acted as a source of spawners in the whole watershed. However, thel mstdowas not
precise enogh to draw final conclusionsThen in 2014 technical and methodological
progresses enaltiee identification of natal origin of spawners fra®rrivers along the Atlantic
coast(Martin et al. 2019. In this study, a large data of otoliths and water microchemistry
availablethroughout the distribution range of the species was used (from thRVeein the
North of France to the Mondediver in the South of Portugal). Within a Bayesian model, the
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reallocation of natal origin was performed using otolith microchemistrydoft& sampled
during the spawning migration in rivers across the range. The reallocation was driven by
multiple baselines (i.e. reference data sets): the water microchemistry of several reproduction
rivers across the range and the otolith microchemisfyehiles. The use of a Bayesian model

is particularly relevant in the case of the analysis of samples from mixed origins because it
enables different sources of data to be combined in a model and provides probability
distribution of parameters includirggveral sources of uncertainfiyella & Masuda 2006;
Munch & Clarke 2008; Pflugeisen & Calder 201¥hose methods have been performed on
otolith microchemistry data in a wide number of stu@isnch & Clarke 2008and especially

in order to cluster individuals to their natal site orifjitihite et al. 2008; Dawson & Belkhir

2009; Neubauest al.2013. By clustering individuals into groups of common natal origin and
comparing these with catch rivédartin et al. (2015 found that Allis shad exhibits a high level

of natal river fidelity and that straying could occur mostly at a river scale or shariaisscale

(207 100 km), but also at longer distances. Indeed, some individuals were presumed to have
traveled ultrdong distance between the natal and the reproduction hivigreir resultsMartin

et al.(2015 focused on fishes that wereallocated with a high level of credibilitgreater than

80%). They considered that, natal rivers remained toeertainfor other fishes These
uncertainties can be due to many factors. First, fishes could be originated from rivers out of the
dataset (e. nonsampled rivers). Besides, as water samplings were incomplete (all spawning
grounds were not sampled in each river), fishes could also be originated from spawning grounds
out of the water baseline. Finally, similarity of signatures between riveitd etso generate
reallocation uncertainty.

Herein, the metapopulation functioning Afosa alosawas investigated using the otolith
microchemistry within a Bayesian hierarchical model of reallocation. We first updated the
Bayesian model used hyartin et al. (2015 with a larger data set. Then, an alternative
hierarchical Bayesian model without baselines and without fixing the number of sources was
tested, met hod known (&bitedi&l.28008; Neulaweet MR203. ur e Mo
The clustering was based on the similarity between otolith microchemistry of the adults without
reference to any water and juvenile baselines. Finally, an intermediate model was performed by
combining the first two approaches. In this hybrid model, §skere reallocated in the rivers
of the baseline or in extisources when needed. The models were then compared and used to
analyze the metapopulation functioning of Allis shad on the Atlamitie scale. Using a step
by step construction of Bayesian hietsical models, the following questions were
investigated:

(1) Among the three Bayesian modelsi(kimple updates of model froidartin et al.
(2015, 271 Infinite Mixture Model, 3i hybrid approach), which one is, statistically and
ecologically, the most ggopriate to reallocate adults Allis shad to their natal river?

(2) By coupling the outputs of the best Bayesian model with abundance indicators of
spawners, can we improve the understanding of the metapopulation functioning in terms
of flux, homingancst r ayi ng r at e, Afsourceo and dAsink
between natal and reproduction rivers?

(3) What are the implications for the conservation of Allis shads through the distribution
range?



2. Material sand methods
2.1.Sampling
2.1.1. Water

Seventeenrivers in France and Portugal were sampled in order to analyze water
microchemistry figure ). These rivers are considered to be major spawning catchments
throughout the range of Allis sh@dprahamian & Environment Agen@003.
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Figure 1 Left panel: Distribution range of the European Allis shad metapopulation. The blue area represents the actual range
of the species. France and Portugal are presented in light grey. Middle panel and left panel: respectively the disttibution o
water awl fish samples in France and Portugal. The water, adult and juvenile samples are respectively indicated by a blue point
(0), a green trianglez() and an orange squarg) (River names figure next to these symb®lse horizontal and vertical axes
correspond respectively to the longitude and the latitude

Samplings were performed once a month from late May to September in 2012 and 2013 near
the spawning grounds ¢blel). At each site, 100 mL of water was collected. In particular, 2
element concenttimns, the Barium and the Strontium (Sr/Ca and Ba/Ca), were measured
relatively to the Calcium concentration to be comparable, as well as the isotopic ratio of
Strontium E’SrPeSr). Let seaviartin et al.(2015 for more details about the water sampling.

2.1.2. Juveniles and adults Allis shad

Juveniles Allis shad (n = 34vere collected between June and October 2013 in four French
rivers theBlavet,the Vilaine, the Loire andthe Dordognerivers) and between September and
January from 2009 to 2012 the MinhoRiver (Table J). Juveniles were collected using seines
and bongo nets in the uppestuarine region of rivers during the downstream migration.

Adults Allis shad (n = 615) were sampled on 15 rivers from upstream spawning sites to tidal
freshwater parts dhe watercourse between April and June from 2001 to 2044 ). This
period matches with the upstream spawning migration of Allis shad. The collected fishes were
caught by fishermen, with a trammel net or by sport fishing. Some fishes were foundtelead af
spawning periods. Fishes were measured near the millimeter when possible and then frozen.



Table 1 Number of adults and juveniles Allis shad sampled in each river per year and their mean fork length (mm) + standard
deviation The number of water sampling in 2012 and 2013 is also specified for each river.

Adults Juveniles Water
Rvers g 2 2 9 o3 8 9 F E  Meanfork 2 9 N 9 Meanbrk N 9
8 8 R 8 8 8 & & £ lengthsd & & & & length+sd & &
Adour E. 2 29 31 0 + 0
Adour R. 6 6 o] + 0 5
Aulne 12 12 480,8 = 52,1 1
Blavet 7 7 6] + 0 18 70 + 10,2 2
Dordogne 38 5 66 109 483,44 + 42,7 3 72,7 £+ 22,0 2
Garonne 43 81 27 37 43 231 4873 + 72,0 1 3
Lima 4 4 583,8 + 73,9 1
Loire 4 24 28 511,2 + 483 4 278 + 289 1 4
Minho 24 21 25 17 87 5957 + 47,3 10 4 6 97,9 + 12,1 6
Mondego 15 15 4940 = 30,0 1
Nivelle 16 16 484,7 =+ 394 4
Saison 6 6 8 + 8 3
Scorff 10 10 516,7 + 59,8 1
Vilaine 3 10 6 19 5259 + 28,2 1 350 + o 4
Vire 7 27 34 4869 + 411 1
Charente 2
Oloron 5
Nive 4

Note that the water baseline contains 3 rivers without fish samples (the Charente, the Oloron
and the Nive rivers). The Adour E. correspon
be reallocatednito this site since Allis shad is known to reproduce in the middle watercourse of
rivers.

2.2.Samples preparation and microchemistry analysis

Samples were prepared before the start of this work. Protocols are detafladiimet al.
(2015.

Water samplesvere analyzed to measure elemental concentrations using a stlasies
sensitive Inductively Coupled Plasma Mass Spectrometer-NMISP The isotopic ratio
(87SrPeSr) analysis was performed using a-Riasma MultiCollector Inductively Coupled
Plasma Mas Spectrometer (MTCP-MS) following the protocol described byartin et al.

(2013.

Since the otolith grow from birth to death, the natal signature of the river experienced by a
fish during the juvenile stage corresponds to the portion near the core of the otolith. In order to
target this particular stag®lartin et al. (2019 performed aC-shaped ablation trajectory. The
ablation diameter corresponds to the time during which juveniles experience freshwater. The
chemical signature of the core of the otolith reflects the composition of the marine water
experienced by the female before tipstnream migrationolk et al2000. In order to exclude
this maternal effect on the core signature, the ablation was performed 40um away from the
core. A first semi corona was ablated by a laser teM3*or elemental concentrations analysis
and a secondemi corona was ablated by a laser to-ME-MS for isotopic ratio analysis
( ). The width of the two semi coronas was 60 um, so that the external part of the
ablation was placed 100pum from the primorditiir ). All the elemental concentians
were above the limit of detection (LOD).

Since the two coronas correspond to the juvenile stage, the combined &%, Sr/Ca
and Ba/Ca defined as a mudiimensional space allowing the characterization of the natal origin
of adults Allis slad.



2.3.Preliminary analysis of water and juvenile baselines

A preliminary analysis of the discriminant capacity of the baselines was performed before
examining the outputs of the models. This analysis is hecessary to ensure that water and juvenile
signatwes do not overlap andiould allow precise reallocatiornThe variability ofthe 3
dimensionalvatersignaturesvas f i rst tested considering a 6
elemental concentrations using a fpamametric Wilcoxon test with Bonferroni adjustment.
parallel, a Canonical Discriminant Analysi€DA) was performed on thevater and the
juvenil esd ot odatasehin amerdor cbheckhthe miscsninacapacityof the
isotopic ratio and th elemental concentrations between rivaard juvenilesof the baseline.

This analysis was performed using the ade4 package of R software (R Development Core Team,
R.3.1.1, 2014)The temporal stability of the juveniend the watebaseling were notesed

because of a lack of temporal variability in the sampling dates. Therefore, in this study, the
temporal stability of the baselinesd signatu

2.4.Construction of Bayesian hierarchical models

In the following subsections, ahd jv correspond respectively to the adult and juvenile
stages. In the first model, natal rivers were denoting by N and are included in [1,kb]. This range
corresponds to the number of rivers of the water baseline. In the second and the third models,
N isincluded in [1,K], with K the total number of sources which can be superior to kb. Brackets
{} denote vectors and braces [] represent matrices. More details about the structure of the
models are available i

2.4.1. Bayesian model with fixednumber of sources and multiple baselines

The otolith composition could be seen as the result of the integration of the water elements
and a partitioning due to three interfaces, the gills, the cellular transport and the crystallization
in the otolith(Bathet al.2000. AsBathet al. (1999 found a linear relation between water and
otolith concentrations in Ba and Sr, a linear regression was performed between the water
concentrations in Ba and Sr in the rivers where juveniles were sampled (i.e. the Blavet, the
Vilaine, the Loire, the Dordogne and the Minho rivers) and the otolith concensatif
juveniles. The regressions were significant for Sr/Ca (F=126%; ¢fvalue =4.865€)5) and
the Ba/Ca (F=18.06; dB; p-value =0.02388) with a high degree of adjustment between the
water and the otolith concentrations (respectively R2=0.998 ari&&8-for Sr/Ca and Ba/Ca).
Therefore, because the Sr/Ca and Ba/Ca ratios in the otolith are deposited in proportion to their
ratios in water, a linear relationship was assumed between water and otolith composition in the
Bayesian model. Such a linear reggion was not required for the isotopic ratio since it is not
submitted to a partitionin@@Blum et al.2000; Kennedt al.2002.

The water and the otolith composition of the adults and juveniles were preliminary centered
and scaled for each element. The water isotopic ratio was centered and scale using the mean
and variance of adultsd ot ol idemisologcodti@spni c r a
water and otolith after transformation. This transformation was performed to decrease the
correlation between regression parameters. The scaling was also useful to provide a single scale
of variations among the elements and the ictaatio.

The otolith composition of an adult ad was considered to follow a multinormal distribution
(MN). The expectationd(r)} (i.e. the average composition of the otolith) was defined by a
linear relation linking the water composition of a river thathe partitioning coeifients aand
b:



({oto(ad)} | N(ad) = r) ~ MN({a} . {Water(r)} +{b},[ »)] (1)

whereOto(ad) and Water(r) correspond respectively to the otolith composition of an adult ad
and the water composition of a river r. N(ad) represents the natal river of the adult[ac gnd

is the variance and emariance matrix (i.e. the mathematical precisidinjas assumed that the
partitioning coefficients for the isotopic ratio are b=0 and a=1 because no partitioning occurs
between the water and the otolith compartments. For the elemental composition, each
partitioning coefficients follows a flat uniformddribution between [0,2] for a aneB|3] for b.

The slope a was supposed to be positive as shoBathyt al.(2000. An uninformative prior

was also choseéior[ x ] :

[ x] ~ (@ndhart )

with [l] the identity matrix (dimension 3x3) and n the degree of freedom (number of elements
+1).

For the juveniles, the natal river is already known so their ototithpositions are described

by the following relation:

{Oto(jv)} ~ MN({a} . {Water(NGv))} +{b}, [ »)] ©)

with N(jv) the natal river, and thus the catch river, of the juvenile jv. Finally, a categorical
distribution was proposed to reallocate #ailts Allis shad to their natal river:

N(ad) ~ Categorica({ a[ad),y(ad)}) 4)

For each combination of catch river c(ad) and year y(ad), a vector of probabilities of origin
was defined for the kb rivers of the water basetif)yadf 1 ) ,0k@&i).y@dkb). In this model,
the a priori probability that an adult ad caught in the river r, the year y, born in each river of the
baseline was described by a Dirichlet distribution which is an uninformative prior:

{ ebayy@a} ~ Dirichlet ({ ow}) (5)

withoi=€& 3k = 1/kb and kb = 17 (i.e. the number of rivers in the water baseline).

The Bayesian hierarchical model provides a probabilistic estimate of the natal river of adults.
The transfer of information between the juvenile basedimé the otolith microchemistry of
adults is performed by means of the variance v ar i ance matregiession[ x ]
parameters a and Bhis first Bayesian model supposed tivater composition was effectively
sampled in each potential sourdédis corstraint introduces bias in the reallocation of fishes,
which could be omitted usingndnfinite Mixture Model.

2.4.2. Bayesian model without baseline: Infinite Mixture Model

The second model consisted in a Bayesian hierarchical model which estimates the number
of sources found in a mixed sample without reference to any baselines data sets. The clustering
was based on the similarity between the otolith microchemistry of this adthout reference
to the water microchemistry. This method is similar to that developBeéblyaueet al.(2013.
Considering a mixed sample, a mixture of Gaussian distributions is assumed for the elemental
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and isotopic ratios. The Infinite Mixture Mel (IMM) provides an estimate of the number of
sources, and the gportion of fish in each sour¢®lunch & Clarke 2008

When possible, in the second and third models, we used conjugate priors for computational
easqGorur & Rasmussen 2010

In this model, the average otolith compositia(§)} of an adult is independent from the
water composition and was assumed to follow a normal distribution centered on 0 with a large
variance (precision = 1 x ). Consequentlythe otolith composition became:

(Oto(ad)} |N(ad) = r) ~ MN({z( r D 1, (6)

The mat hemat i olwedtheasane distribudion adthe flrst hode(
). Besides, the same categorical distribution for the reallocatiouseasas in the previous
model:

N(ad) ~ categorica({ ik}) (7)

with K the number of sources. In a purely Infinite Mixtureolfel, K can theoretically tends to
infinity, however in practice, we constraint K in the coda by specifyinga 22 (

). The reallocation in lKax sources is theoretically allowed but at the end of the iterative
process, all the allowed sources were not filldae definition of theK probabilitiesof origin

{dk} i s based on thesdisdlick da derlagksltnaguhrgarnii € lep rno

(Sethuaman 1994; Ishwaran & James 2p0Starting with a single stick, K piecése. K
groupsof individualg could be obtaineldy a breaking procesgach piece presents a particular
length which reflects the probability of belongit@this piece As thelengtts of the pieces
decreasavhen the stick breaking process progresses, the Ipitypaf belonging toa new

group decreases too. Thogmbabilities are denoted by {g = 1 é DiKig to the stick
breaking process, the weights of additional sourcesedse when the process progresses. The

K number of sourcesould potentially be infinite but theroduction of a new group depends

on the equilibrium between the production cost of this new group and the benefits (i.e. reduction
of variance in clustersYhe process is based on the maximization of the -gxtrap variance
contrary to the intrgroup varianceA simple example with only three groups is preseimed

pl=yl p2=92(1-q1)
A A
( \f ) \
} } >
x0 x1

Figure 2 Schematic presentation of the stick bregkjrocess. The large black line represents the stick and the array
corresponds to the evolution of the breaking process. This example considers three groups defined by 2 breaking points x0 (th
first breaking point) and x1 (the second breaking point). drobabilities associated with each group are presented above or
below the brackets.

As presented iR , the probability of belonging to a new group depends on the size of
the previous group. The probability pl=gl corresponds to the first brealprabability
p2=g2(tq1) i s the proportion of the remainder
{ri, | =1}, theépkobability g follows a beta distribution:

St



q(ri) ~ Beta(l ) U (8)

with U the concentrati @&fWiptahdestieet &y a Ghmaf i n e d
distribution. The probabilities of origin adefined by construction:

=3

(03 1 i 11 8 € (9)
Those pr ohlaéb i} ®liow a BiricHlet distribution, making this model a

Dirichlet Process Model (DPM) which belongs to the family of Infinite Mixture Mad€he

main interest of this model is its capacity to estimate the number of sources, contrary to the first

model which assumes reallocations only in rivers of the water baselinevidgvin absence

of baseline, the second model is not able to associate a source with a river. Here, a source is just

a group and is not a precise ecological entity. The use of a hybrid model is a way to combine

the advantages of the two first models amdwercome their respective drawbacks.

2.4.3. Bayesian hybrid model: Infinite Mixture Model with multiple baselines

The last model consisted in a combination of the first two models. The baselines (water and
juvenile) and the stickreakingprocess were used atlow reallocations in rivers of the water
baseline or in extraources. When the chemical signatures of individuals do not match those
of the baselines, the model produces a new group out of the baselines. Indeed, the inclusion of
i ndividualcsal wi tot ofiattypisi gnatures in a group
intracgroup variance and thus, the definition of a new source is preferred for this particular fish.
The main interest of the third model lies in its ability to reallocate fishesia-gotirces while
keeping the information from baselines.

In this subsection, the rivers of the baseline are denotediby{ri = 1 é k b }souacesd t he
are denoted by {r i = (kb+1) éK} .
Considering a hybrid model, the likelihood was defined by:

({oto(ad)} |N(ad) = r) ~ MN(ge (i) [ )] (10

with {ag(ri)} = {a} . {Water(ri)} + {b} f or rivers of the ®&®seline
following a normal distribution forexttra o ur ces (i = kb +1éK). I n t
coefficient a was assumed to follow the same uniform distribution as in the first model.
However, the coefficient b was different from the first model becaiseonvergence
difficulties. This parameter was here described by a normal distribution centered on 0 with a

large variance (precision = -B. T h e mat hemati cal precision
distribution as in the first modét ).

The otolith @mposmon of juveniles was described by the same multinormal distribution as
in the first model € }. Besides, the same categorical distribution for the reallocation
was used as in the previous mogie] ).

Assuming an Infinite Mixture Modg{ dk»,} was defined by flat Dirichlet priors for the river
of the baselineg ). In this model, the a priori probability that an adult caught in the

river r, born in an extraource was described by the sthmeaking process:



T "H & 1 1T A T ™H 8§ (11)

with g following the same distribution as &mjuation SContrary to the first model, the year
effect was not introduced in the probability of origirdk} because of convergence constraints.

The structure of the Bayesian hybrid model is outlinedidnire 3 The combination of the
model with baselines and fixed number of sources (model 1) with the Infinite Mixture Model
(model 2) provides an integrative model of reallocation (model 3).

BASELINES ExtraBASELINES

m
|
|

r = kb+XK j= XK1

{Oto(ad)}

{Oto(v)}

{' (c(ad))}

r = IXkb; c=IXC; y = XY

Figure 3 Directed Acyclic Graph of the hybrid Bayesian model considering multiple baselines (water and juveniles) without
fixed number of natal rivers. The indexes ad, jv, r, c and y represent respectively the adult stage, the juvenileistgef, the

the wate baseline, the catch river and the catch year. Here, kb = 17 (i.e. the number of rivers of the water baseline), C = 15
(i.e. the number of catch river for the adults) and Y = 8 (i.e. the number of catch year for the adults). K correspotatalto th
number of sources estimated by the model. The left grey panel represents the rivers of the baseline and the right grey panel
corresponds to the exttmseline. Red boxes point out the data sets. Grey circles are thephygmeters and all the other

boxes ae simple parameters. The dotted lines are relative to theledsdine.

2.4.4. Synthesis of the parameters

The parameters of each model are summarizedline 2
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Table 2 Summary of the parameters of the three Bayesian models. Model 1: model with multiple baselines and a fixed number
of sources, Model 2: Infinite Mixture Model, Model 3: hybrid model.

Type of Parameters Definition Priors distribution
parameters Model 1 Model 2 Model 3
{a} . - Uniform(0,2) Uniform(0,2)
. g (b} Partition coefficients Uniform(-3,3) Normal(0,1e06)
g_g [ %] Variancecovariance Equation 2 Equation 2 Equation 2
28 5 matrix
g U Concentration InvGamma(1,1) InvGamma(1,1)
parameter
{&(r)} Average otolith {a}.{Water(ri)}+{b} {a}.{Water(ri)}+{b}
composition i foi = 1ék
Normal(0,1e06)
ifi= kb+1éK
{Oto(ad)} Otolith composition Equation 1 Equation 6 Equation10
of adults
{Oto(jv)} Otolith composition Equation 3 Equation 3
2 of juveniles
% N(ad) Categorical variable Equation 4 Equation 7 Equation 7
IS of reallocation of
©
5 adults
3 {dead)yadt ~ Probability of origin Equation 5
< depending on the
= river and year of
o sampling
S { dk} Probability of being Equation 9
i) originated from one
g of the K sources
S estimated
g { e} Probability of being Equation 5
o originated from one
IS of the river of the
© .
5 baseline
e { &bk} Probability of being Equation 11
originated from an
extrasource
q(n Probability of Equation 8 Equation 8

belonging from a
group defined by the
stick-breaking
process

2.4.5. Bayesian posterior distribution using MCMC sampling

Computations were performed with R software (R Development Core Team, R.3.1.1, 2014).
The Monte Carlo Markov Chain (MCMC) method was used to draw simulations from Bayesian
posterior distributions with the rjags package providing an interface from R to JAGS

Another Gibbs Sampling2lummer 2008library. Three MCMC chains were run in parallel for

each model. For the first model, 20 000 iterations were run after arbperiod of 10 000

iterations. On account of the stick breaking process used ie¢badand the third models, the

number of iterations was increased to POO with a burrAn period of 50000 in order to target

t he

chai

nso

conver

2.4.6. Convergence diagnas

gence.

Th &P mo d(ad) pnd{i ch}g.

was

The convergence was tested for all posterior samplings using the Gelman and Rubin

convergence diagnos{&elman & Rubin 199Pwith the Coda library. The convergence of a

parameter is checked if the potential reduction factor is below the threshold oBlodk
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and Gelman, 1998 The convergence of categml variables of reallocation N(ad) were
checked by a visual examination of the chains mixing{see for example of posterior
checking).

2.5.Models comparison

Before selecting one of those three Bayesian models, a comparison of statistical
performances and ecological reliability have to be performed. Thus, the three models were
compared using both statistical criteria and indicators of reallocation reliability.

2.5.1. Statistical Criteria

The DIC (Deviance Information Criterion) was calculated for each model and compared for
models presenting the same data structure (i.e. the first and the third models). This criterion is
a Bayesian measure of fit, penalized by traet complexity Epiegelhalteet al.2002. The
DIC is thus defined by the sum of an estimate of fit, plus twice the number of parameters. It is
assumed that the model i is better than the model j in term of overall fit if the DIC of the model
i is smaller. In addition, convergence diagnosis posterior checking were used to compare
model s O6performances.

2.5.2. Indicators of reallocation reliability

The reliability of reallocation was evaluated and compared between models using several
indicators. First, the comparison of the maximum probabilityeadlocation of a fish in a
particular source was performed between models. Each iteration generates a reallocation of all
fishes in sources. At the end of the iterative process, each fish has been reallocated in one or
more sources. The frequency of realition of a fish i in a source k was defined as the
probability of reallocation of i in k. For example, in the first model, each fish was reallocated
20000 times in one or several sources. Considering kb sources, each fish presents kb
probabilities of rallocation (i.e. frequencies of reallocation). Here, the higher frequency of
reallocation for a fish in a source corresponds to the Maximum Probability of Reallocation
(MPR). The final reallocation of a fish in a particular source corresponds to the source
associated with the MPR. A high MPR is associated with a high reliability in the reallocation
process.

The number of sources in which each fish was reallocated during the successive iterations
was also considered as a reliability indicator allowing model c ompari son. A | o
sources estimated during the MCMC sampling reflects a high reliability in the reallocation.

Besides, the Shannon entropy was calculated for each fish using the Entropy package.
Shannon entropy is currently usedagsess biodiversity. We found it was very relevant in our
context because it summarizég diversity in reallocations. The Shannon entropy of an adult
ad is defined by:

( AA IR0 (12)

with Pi = Ni/N the proportion of reallocation in the souréer the fish ad in regard to the total
number of sources N =iIN-  é nestimated for this fish during the iterative process. Thus, a
fish presenting only 1 estimated source during the iterative process would present H = 0. This
result indicates high atlocation reliability. In opposite, if a fish is reallocated in a large number

of sources (i.e. a high diversity of estimated sources), the reallocation reliability decreases and
H increases. The Shannon entropy increases when unusual sources arededtinrajethe
iterative process.
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Therefore, the MPR, the number of estimated sources and the Shannon entropy of
individuals were used to compare the models in terms of reallocation reliability.

2.5.3. Comparison of reallocation and sources between model

The sources and number of fishes reallocated in each sources were compared in order to test
the stability of the reallocation results between models. Besides, a focus was done on
Ai nconsistento fishes (i.e. fisdess)jeahdoéat
fishes (i.e. fishes reallocated in the same sources between models). A comparison of the number
of Ainconsistent o/ ostabled fishes per sour ce
Another way to check the reallocation reliability to explore the stability of reallocation
between models, for straying fishes performing long distance migration between natal and
spawning rivers. Furthermore, visual convergence checking of the categorical variable N and
otolith composition of fishes aflocated in extraources in the third model were examined.

2.5.4. Confusion of reallocation

Using a matrix constituted by 615 fishes in row and K columns corresponding to the
probabilities of reallocation of each fish in the K sources, the confusion dbaaiadin was
examined. More precisely, the confusion of reallocation between sources was investigated
using Spearman correlation tests applied on the columns of the previous matrix. These
correlations were implemented with the Hmisc package, providingane@gram per model.

This analysis is a way to highlight which sources provide similarity in their probabilities of
reallocation, indicating a possible confusion between those rivers. It thus allows the
identification of rivers which are potentially popdiscriminated

2.6.Flux betweendonor and recipient rivers

After comparing the three models, the best model was chosen to develop a model of
exchange between rivers. Estimated abundances of adults Allis shad were multiplied with the
probabilities of origin{ ¥ corresponding to the outputs of the selected model to estimate flux
between donor and recipient rivers. This approach allows the quantification of flux direction
and intensity. A donor river produces spawners (homing and straying fishes) and a recipient
river received spawners (homing astdayingfishes). The homing occurs when the donor is
also the recipient river. A closed river only performs homing.

Abundance estimates were available in several rivers in France frorGdl@rnmental
Organizations (tramsitted and updated by P. Jattéaurstea Bordeaux). These abundance
estimates are presentedin Some watersheds are missing because reports do not
discriminate shads betweatosa alosandAlosa fallax(in the Charente and the Vilaine rivers)
or because of a lack of reliable monitoring. The abundances of adults Allis shad in the Minho
River in 2009, 2010 and 2011 were retrieved frigimta et al. (2019. For the Garonne and
Dordogne Rivers, the abundance estimates wer
method ofCarry & Borie(2013. For the other rivers, the abundance estimates were obtained
by a video counting system on fishways usually located downstream the spawning grounds. For
the Loire River, some fishways were located upstream of the spawoungds which involved
an undetestimation of abundancésww.logrami.fr). Considering that adult otolith samples
were concentrated in 2013 ), the estimated abundances were multiplied with the
probabilities of origin estimated for fishes caugh2@13. In 2013, abundances estimates were
monitored only in 7 riversi( ) and thus, an extrapolation of the missing data was needed
for the 8 other rivers. Based on the common idea that the population size depends on the habitat
size (carrying capatyi), the relation between spawner abundances and the surface of the
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watershed was investigated to perform an extrapolation of population size in missing data. A
nonlinear relation was foundi( ).

= Nivelle
Scorff
Oloron
Nive

Vire
Aulne
Dordogne
Garonne
Loire

3000

¢ % B

Abundance of spawners
2000

1000

T T T T T T T
0 20000 40000 60000 80000 100000 120000
Surface of watershed (Km?)

Figure 4 Relation betwenthe surface of watershedsnf®) and the abundance of adults Allis shad during the upstream
migration in 2013. Only a few watersheds are presented because of missing data in 2013.

Whereas Loire is the largest watershed of the study, its shad abundanateesas similar
to the shad abundance of small watersheds (e.g. the Oloron watershed), but this figure is
underestimated as mentioned above. In opposite, whereas the Vire watershed is 23 times
smaller than the Garonne watershed, Garonne and Vire esfimbundances are similar.
Therefore, the extrapolation could not be performed using a linear relation between the surface
of the watersheds and the estimated abundances. Thus, an Ascending Hierarchical
Classification (AHC) of the watersheds was preferféuk analysis was implemented with the
stats package. The AHC was performed using the surface of watersheds as classification
variabl e. The Euclidian distance was wused
variance method was implemented to aggregatiersheds. This method minimizes the gain
of inertia intraclass each iteration. Finally, the partition was determined by checking the loss
of inertia due to an increase in the number of grotipsi( ).

Inertia Height

0.0e+00 1.0e+10 2.0e+10 3.0e+10 0.0e+00 5.0e+09 1.0e+10 1.5e+10 2.0e+10 2.5e+10 3.0e+10
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Figure 5 Results of an Ascending Hierarchical Classification implemented orutfecs area of the watershedsng. A:
Evolution of the intreclass inertia with the number of groups. B: Tree produced by the clustering process. Tinpeergme
defined considering that the loss of inertia would be too large with more groups.
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Based on the similarity of surface between watersheds, the AHC produced three groups
( ). The Loire watershed is the larger (117 800 km?) of the data set and was thus
cluster in a unique group. The Garonne and Dordogne watersheds were clustered in another
group considering an intermediate surface (respectivedpgnd 24000 km?2). Finally small
watersheds (N = 14) were classified in the ultimate group presenting small surface compared
to the Loire, the Garonne and the Dordogne watersheds (between 238 kmz2 for the Nivelle
watershed and 1080 km? for the Minho watershed). Assuming an inclatgpdata set of
a b undan c edsfributpns iwere £hinse for the three groups previously defined
Uninformative flat priors were preferred. Considering the uncertainty of abundance estimates
in the Loire river, a large uniform prior was chosen betw/&€0,4000]. For the Garonne and
Dordogne rivers, uniform prior between [2000,4000] was assumed. Finally, because of the
variability in the abundances in the other rivers, a uniform prior between [0,4000] was defined.

3. Results
3.1.Analysis of water and juvenile baselines

Mean water composition (isotopic ratio and elemental concentrations) were significantly
different among rivers of the baseline (Wilcoxon test, p < 0.05). However, because of a low
number of samples per river, the Bonferroni adjustment dektnot found significant
differences between couple of rivers for any elements.

Besides, a strong spatial segregation of water and juvenile samples was found using a
Canonical Discriminant Analysis ).

[Aulne]

.

|".T\

|
1
Garonne] | |
F |

I

Figure 6 Canonical Discriminant Analysis performed on the water microchemistry of 17 rivers sampled in France and Portugal
(in blue) and on the otolith microchemistry of juveniles (in pink). The first canonical variate corresponds to the etopic r

and the seand is supported by the Sr/Ca ratio and in a less extend by the Ba/Ca ratio. Symbols represent the water and juvenile
samples and ellipses are 95% confidence intervals around the mean value.
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According to a permutation test, the discrimination betweengiwas significant for water
(Wilks = 2.7e5, p < 0.01) and juvenile samples (Wilks = 0.0052, p < 0.01). Water signatures
were mainly segregated B{Srf°Sr (CV 1) and Sr/Ca (CV 2)¢ ). The discrimination of
juvenile signatures was mostly driven $%rf°Sr (CV 1) and both Sr/Ca and Ba/Ca (CV 2)

( ). The first two canonical variates (CV) explain respectively 70% and 88% of the
signature variability in the water and juvenile data.

Table 3 Canonical weights for the first two canonical varigteformed or§’SrféSr, Sr/Ca and Ba/Ca of the water and juvenile
baselines. Higher is the absolute value and better is the contribution of the variable to the construction of the &gi. Canon
variate 1 (CV 1) and Canonical variate 2 (CV 2) correspond respectively to the horizontal and vertical axes.

Baselines Cvi1 CVv 2
87Sr/88gr  -1.12 -0.178
Water Sr/Ca -0.038 0.959
Ba/Ca 0.155 0.208
87Sr/88Sr  -0.986  -0.322
Juveniles Sr/Ca 0.0850 -0.521
Ba/Ca 0.00225 -0.582

Apart from the Loire, Vilaine and Vire, rivers are mainly segregatéd3nf°Sr and Sr/Ca.
Juveniles from the Blavet River were discriminated by Sr/Ca and Ba/Ca whereas other juvenile
samples were separated by both the isotopic ratio and the elemental concentrations.

The water and juvenile signatures appeared to be relativelle sitabr the whole 2013
sampling season, in view of the confidence ellipses. Juveniles from the MRinko also
presented a relatively stable signature over the sampling dates in 2009, 2011 and 2012.

3.2.Models comparison
3.2.1. Statistical comparison

Since thesecond model (i.e. Infinite Mixture Model) does not introduce any baselines data
sets, the DIC was used to compare the first (i.e. with multiple baselines and fixed number of
sources) and the third (i.e. hybrid model) models. The third model presentiéer mberall fit
than the first model (DlGodei1 = -290.823; DIGodeiz= -577.368). A river effect was tested in
the variancecovariance matrix xif the first and third model in order to take into account the
inter-river variability of this parameter. Meever, the introduction of model complexity was
largely penalized by the DIC in both models (Rgeir= 29695; DIGhodeiz= 18739 and thus,
this river effect was not kept in the models.

The Gelman and Rubin diagnosis was applied on the main parametachahodel. As the

number of parameters is considerable, a global comparison of the convergence checking was
performed { ).

Table 4 Percentages of parameters fulfilling convergence condition, tested with the Gelman and Rubin Convergence diagnosis.
The convergence is checked when the upper bound of the range of the potential scale reduction factors remains under 1.05.
The convergenceiagnosis was performed on the monitored parameters of the three models. The number of pasameter
specified for each modelnWVe found K=21 for the second and third modiébdel 1: model with multiple baselines and fixed

number of sources, Model 2: Inite Mixture Model, Model 3: Hybrid model.

Parameters Model 1 Model 2 Model 3
% n % n % n

{ ok} 99 2040 0 K 45 (17+K)*3
{a&(r) 98 51 8.7 K*3 55 51
[ x] 100 9 0 9 12 9
{a} 93 2 T T 99 2
{b} 99 2 T T 99 2
U 1 1 0 1 0 1
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Thefirst model presents a high proportion of parameters satisfying convergence criteria. The
second mo d el appeared to be the worse mode
convergence diagnosis. The third model presented a better convergence than themsdebnd
for all parameters, however, the convergence was better for the first model than the third model,
especi aik}l,y {féo(r ){}d and [ x]

The visual convergence check of reallocation in the third modet,(880/615 fishes) was
better than the secdmmodel(3.6%, 22/615ishes)but worse than the first model (100%).
Example of convergence check of reallocation is presentédyin ’ We also present
posteriors of the parameters a and b from the first and third modéls)in ; Then,
examples of convergent and roonvergent probabilities of origin are presentediin
for the first and third models.

The first model seemed better than the third model in terms of convergence but the third
model was better than the first ded in terms of overall fit. Thus, based on DIC and
convergence analysis, the first and the third models were both selected and were thereafter
extensively compared. Comparison of reallocation reliability had to be performed to complete
statistical compasons. However, the second model was already removed from subsequent
analysis because of poor convergence.

3.2.2. Indicators of reallocation reliability

The reallocation reliability was investigated using three different metrics, the MPR (i.e. the
Maximum Probaility of Reallocation), the Shannon entropy and the number of sources per
fish. To compare the first and third models, five groups representing the reallocation reliability

were defined using those three metrics!{e 5. The five groups were arbitraryefined by
cutting the distribution of each metric into five equal parts.

Table 5 Definition of five groups representing the reallocatieliability. Intervals are defined for the MPR, Shannon entropy
and number of sources pesh.

Group Reallocationreliability MPR Entropy Number of sources
A Very good O 0. 8(][0;0.39 [1; 2]
B Good [0.60; 0.80[ [0.35; 0.70[ [3; 4]
C Medium [0.40; 0.60[ [0.70; 1.05[ [5; 6]
D Poor [0.20; 0.40[ [1.05;1.40[ [7; 8]
E Very poor [0;020] O 1.4(0 9

The number of fishes per group for each model and metric is reportedlin 6

Table 6 Percentages of fish per group of reallocatigrability for each metric (MPR, Shannon entropy and Number of sources)
and model. Model 1: Bayesian model with fixed number of sources; Model 3: Bayesian hybrid model.

MPR Entropy Number of sources
Group A B C D E A B C D E A B C D E
Model1 79.2 122 585 275 O 69.1 158 8.77 5.36 0.97 16.2 40.2 40.7 2.11 0.16
Model3 83.8 8.30 550 240 O 78.0 124 6.67 2.44 0.49 522 21.0 195 5.68 1.62

In most cases, fishes were mostly reallocated with a high reliability based on the MPR and
the Shannon entropy in the two models. Notice that the third model was slightly better in terms
of reallocation reliability using the three metrics. Indeed, fisheewnainly in intermediate
groups (B and C) for the first model whereas fishes were mainly in the first group (A) for the
third model.

Accordingly to indicators of reallocation reliability, the hybrid model appears as a better
candidate to examine the fttroning of the metapopulation than the first mo#iglwever, such
results in not surprising: by increasing the number of potential sourt®s tihird modelit is
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logical that we get more homogeneous groups, with consequently higher MPR. Moreover, in

the absence of validation data, these results should be taken with caution: these indicators
measure whether models are sure of what they
or true.Before selecting one of the two models, we have to compaleaa&abns between

models.

3.2.3. Comparison of reallocation
3.2.3.1.Comparison of sourcesand homing rate

How many and which sources per model?

In the first model, 15 natal rivers were estimated using the MPR as criterion to reallocate
adults. Comparatively, the third model estimated 12 natal rivers according to the MPR,
including one extraource (namely s21). During the iterative process, 4&sgtirces (namely
s18, s19, s20, s21) were created but final reallocation (using the MPR) occurred into only one
extrasource (s21). The posterior distribution of K for the third model is presentedtin

The Vire, Scorff, Adour and Saison riversen® not sources in the third model
comparatively to the first model. In both models, any fish was reallocated in the Charente and
Mondego rivers (i.e. they were not identified as sources).

Changes in homing rate and reallocatiomeliability between models?

Inthef i r st model, the homing behavior (i.e. ac
in 10 rivers among 15 natal riverszle 7). It represented 46% of adults Allis shad. Homing
occurred with a high reliability in 5 riversh@ Aulne, Blavet, Adour, Nivelle and Minho rivers;
mean MPR above 0.80). More precisely, strict homing (i.e. 100% of individuals) was found in
the Aulne, Blavet and Nivellevers with high reliability (mean MPR above 0.80).

Comparatively to the first me&d, homing represented 39% of adults Allis shad in the third
model. More precisely, 7 rivers were concerned by the homing behavior, among which 5 rivers
presented a high reallocation reliability (the Aulne, Blavet, Dordogne, Nivelle and Minho
rivers; mearMPR above 0.80)T( ). The homing behavior observed in the Vire, Vilaine
and Adour rivers were not encountered in the third model contrary to the first model.

In the Loire river, the homing rate increased from 46% to 61% between the first and third
models, with a gain of reliability (mean MPR increased from 0.8(0 to 0.60 0.80). It was

also the case in the Dordogne river where the mean MPR increased from00880to more

than 0.80.

Therefore, the total number of fish displaying natal homiegrehsed from the first to the
third model, but the reallocation reliability increased for those fishes.

Focus on Garonne River

In both models, any fishes displayed homing in the Garonne River whereas an important
number of fishes were sampled during tipstream migration in 2001, 2008, 2012, 2013 and
2014. However, the number of strayers (i.e. fishes born in other rivers) reallocated in the
Garonne River doubled in the third model (from 12 to 28).

The number of sources for fishes sampled in the Gardacreased from 7 to 2 in the third
model. In parallel, the reallocation reliability for those fishes increased in the third model (mean
MPR between 0.20 0.60 in the first model, mean MPR > 0.60 for 95.7% of fishes in the third
model).

Therefore, regalless to the model, no homing was found in the Garonne River.
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Table 7 Percentagesf adults Allis shad reallocated in each potential natal river with the first model. The nungiaeeimhesigorrespond to the effective number of #shReallocations are

identified using the mean MPR of fishes caught in collection rivers and reelicicenatal riversy0 . 20 O MP®R. 40 00 40P ®R. &0 00 6 PMRP R 00 800. 8 0

Natal Rivers
Collection Rivers Vire Aulne  Scorff Blavet Vilaine Loire Charente Garonne Dordogne Nive Adour.R. Oloron Saison Nivelle Minho Lima Mondego
Vire (34) 76,5(26) 14.7(5) 8.82(3)
Aulne (12) 100(12)
Scorff (10) 90(9) [10) |
Blavet (7) 100(7)
Vilaine (19) 5.26(1) 10.5(2) 84.2(16)
Loire (28) 14.3(4) 46.4(13) 39.3(11)
Dordogne (109) 92.7(101) 2.75(3)
Garonne (231) 51.1(118) 42(97) [IISO@ENOE@) 2.60(6) 0.433(1)
Adour R. (6) 83.3(5) 16.7(1)
Adour E. (31) 3.23(1) 54.8(17) 41.9(13)
Saison (6) 50(3) 50(3)
Nivelle (16) 100(16)
Minho (87) 1.15(1) 98.9(86)
Lima (4) 50(2) 50(2)
Mondego (15) 6.67(1) 6.67(1) 6.67(1) 80(12)
Total 26 13 1 23 25 13 0 12 219 28 28 3 1 30 100 3 0

Table 8 Percentagesf adults Allis shad reallocated in each potential natal river with the third model. The nurpbeenthesisorrespond to the effective number of ishExtrasources are
denoted by s18,19s20 and sReallocations are identified using the mean MPR of fishes caught in collection rivers and reallocated in nataDrive2s0

0.60 O MPNRPR 00 8. 80

O MPR. 40004R0PR

Natal Rivers
Collection Vir
Rivers e Aulne  Scorff Blavet Vilaine Loire Charente Garonne Dordogne Nive Adour.R. Oloron Saison Nivelle Minho Lima Mondego S18,19,20 S21
Vire (34) 97,1(33)
91,6(11
Aulne (12) )
Scorff (10) 80(8) 110(1)
Blavet (7) 100(7)
Vilaine (19) 5,26(1) 89,5(17) 15,26(1)!
Loire (28) 60,7(17) 39,3(11)
Dordogne (109) 94,5(103) 5,50(6)
Garonne (231) 95,7(221) 3,90(9) 0,433(1)
Adour R. (6) 83,3(5) 16,7(1)
Adour E. (31) 3,23(1) 41,9(13) 135,5(11) 19,4(6)
Saison(6) 50(3) 50(3)
Nivelle (16) 100(16)
Minho (87) 1,15(1) 98,9(86)
Lima (4) 50(2) 50(2)
Mondego (15) 6,67(1) 6,67(1) 80(12) [6,67(1)
Total 0 12 0 17 2 67 0 28 329 1 0 11 0 41 100 3 0 0 4
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3.2.3.2.Stable vsinconsistentfishes

Some fishes were denoted as stable fishes because they were reallocated in the same natal
river by the 2 models (66% of fishes). Two kind of stable fishes could be distinguished: the
stable andredible fishes and the stable and uncertain fishes. For example, fishes reallocated in
the Lima and Minho rivers are stable between models, with mean MPR above 0.60, making
them stable and credible fishes. It is also the case of fishes from the Blavbeaxivelle
rivers displaying a homing behavior. For stable and credible fishes, interpretation of
reallocations would be the same regardless to the selected model. Conversely, some fishes
presented poor reallocation reliability but remained stable batmeeels. For example, 1 fish
caught in the Scorff River in Brittany was reallocated in the Nive River in the south of France
with a low credibility (MPR respectively equal to 0.33 and 0.30 in the first and third model).
Two other fishes were supposed tvé strayed between the Vilaine River and the Minho and
Mondego rivers in Portugal. Despite those straying fishes were stable between models, the
reallocation reliability is questionable because of failure in indicators of reallocation reliability
(MPR, Stannon entropy and number of sources). Thus, changes in the model structure had not
induced improvement in reallocation reliability for some fishes.

On the other hand, some reallocations varied with the model structure, leading to
inconsistencies in rivereallocation between the first and third model. Since the third model
eliminated the Adour River as natal river, individuals reallocated in this river in the first model
were reallocated in other rivers in the third model. Hence, 97 fishes caught in tma&aver
in 2008 and 2012 were reallocated in the Adour river with mean MPR betweeh @8 in
the first model and were finally reallocated in the Dordogne River in the third model with an
increase of mean MPR between 0i6@.80. Contrary to stabléshes, changes in model
structure provided changes in credibility of reallocation for inconsistent fishes. More precisely,
from the first to the third model, changes in reallocation of inconsistent fishes were associated
with an improvement of reallocatiaeliability.

Therefore, cautions have to be taken before interpreting reallocations for inconsistent fishes
and stable but uncertain fishes. This tends to demonstrate that thanks to a higher
flexibility/complexity, model 3 enhance the reliability afree fishes, but that results are rather
consistent between the two models for other fishes.

3.2.3.3.Focus on extrasources

Assuming Knax = 22 sources in the codgee part 2.4)2only 4 extrasources (K=17 + 4 =
21) were created using the stick breakprgcess. Respectively 65, 17, 2 and 5 fishes were
reallocated at least one time in s18, s19, s20 and s21. The mean MPR was 0.33 for each extra
source. At the end of the iterative process, using the MPR as criterion to reallocate fishes, 4
individuals werefinally reallocated in s21. Those fishes were caught in the Vilaine, Scorff,
Aulne and Mondego rivers { ).

Table 9 Comparison of characteristics and indicatorseatflocation reliabilityfor fishes reallocated in s21 at taed of the
iterative process in the third model. M1: model with multiple baselines and fixed number of sources, M3: hybrid model.

Individuals ALA138 Sco2 aull SM4
Catch river Vilaine Scorff Aulne Mondego
Catch year 2011 2013 2013 2013
Model M1 M3 M1 M3 M1 M3 M1 M3
Natal river Scorff S21 Blavet S21 Aulne S21 Nivelle S21
MPR 0.71 0.33 097 0.33 1 0.33 0.99 0.33
Shannon entropy 0.64 059 0.17 0.17 0 0.011 0.0030 0.041
Number of sources 3 3 3 3 1 4 2 3
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Sr/Ca

Il n the first model , the fish

named Aaul 10 c

homing with high credibility accordingly to indicators of reallocation reliability. In the third
model, this fish was reallocated in s21 with MPR divided by 3. fhasu | 106 was ¢l as s
the group D (i.e. poor credibility) according to the MPR criterion. However, this fish was still
classified into the group A (i.e. very good credibility) according to the Shannon entropy and
into the group B (i.e. good crediliy) using the number of sources as criterion. It is also the
case for the 3 other fishes reallocated in s21. Thus, the Shannon entropy and the number of
sources were relatively stable between models but the MPR decreased systematically.

By analyzing the wlith composition of fishes according to their source of origin, it was
clear that individuals reallocated in exBaurces showed atypical otolith composition
signature, and thus can be considered as outliers. It is especially the cases of fishagerkalloc

in s20 and s21+ ), which present extreme signatures.
SM4 Sco2 SM4 Sco2
2 . aull ALAL138 g _jaull. ALAL138
fo) . [to)
- 7 .9 - v,
e o
5, ®
o | .:_- . o |
- ol
o o
I I T T T
0.710 0.715 0.720 20 40 60 80
87Sr/86Sr Ba/Ca

Figure 7 Otolith compositions of adults Allis shad. The vertical axes repréiseBSt/Ca ratio. Points are colored according to
their reallocation. Grey pointsrepresent fishes reallocated only in rivers of the baseline during the iterative process. The blue
0, greeno, purpled and redd points correspond respectively to fishreallocated at least one time in sources s18, s19, s20
and s21 during the iterative process. Fishes reallocated in s21 are indicated on each plot.

Fishes from the extraource s20 showed extreme ratios in Ba/Ca and extreme values of
87SrfeSr. The 4ihes reallocated in s21 presented extreme ratios in Sr/Ca. Therefore, it seems
that reallocation in extraources concerned only fishes with extreme otolith signatures.

On the other hand, though uncertain, some fishes remained stable between modseésdiecau

Acl assical 6 signature whereas

they presented

the Scorff River in Brittany and reallocated in the Nive, as described in 3.2.3.2).
Probabilities of origin in extra our c e+g (é{«${ sddhowed poor cowergence

(potenti al reduction factors

w e} wehiclafailéd toa b o v e

converge. Fail in visual convergence of N (i.e. the categorical variable of reallocation) was a
supplementary evidence of poor convergence associateexirasources. As presented in
, the estimate of natal origin was divergent between MCMC chains for fishes

reallocated in s21.

Hence, the introduction of extsurces mainly influences fishes with extreme signatures,

and results in poor corygence and limited reliability.
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3.2.4. Analysis of inter-river confusion of reallocation

Spearman correlations between probabilities of reallocation (i.e. the frequency of
reallocation of a fish in several sources during the iterative process) were investigated for the
first and third models. This analysis highlights confusions of reallochgbmeen sources. A
negative correlation between sources a and b means that, when the probability of reallocation
in a is high, it is low in b, i.e. those sources are well discriminated. Conversely, positive
correlations indicate confusion of reallocatioa, a low discrimination between sources.

Apart from confusion of reallocation with the Charente River, the Dordogne appeared
negatively correlated (i.e. discriminated) with all other rivers in the first medeglie 9. It
was the same case for than¥o River, which presented confusion of reallocation only with
the Mondego River. It could be due to a high level of discrimination in water and juvenile
signatures between those rivers and other riversi(e ). Despite the Dordogne and Adour
rivers stowed neighbor signaturesi( ), no confusion of reallocation occurred.

In opposite, some rivers presented strong confusions (i.e. high positive correlations). It was
especially the case of the Saison, Nive and Oloron rivers which belong to thevatershed
(i.e. have the same estuary), and thus presented low discrimination in their water signatures
( ). In the same way, the Scorff and Blavet rivers showed confusion, though more
limited. Besides, important confusion occurred between the boideGaronne rivers (0.34),
likely because of low discrimination in isotopic ratiod ).
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Figure 8 Correlogram of the probabilities of reallocation in rivers of the water baseline for the first model. Positive correlations

are represented by blue whereas negative correlations appear in red. Only significant correlations are colored according to
Spearma correlation test (the correlation is significant if p < 0.05).

The same analysis was realized for the third mddeli(e 9. We found that the Dordogne
River was independent from all other sources (only negative correlations). Correlation between
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the Mondego and Minho rivers decreased but remained present in the third model. Strong
confusions between Saison, Nive and Oloron rivers were similar to the first model. However,
the Loire and Garonne rivers were not correlated anymore.

Besides, new confusignappeared in the third model, such as confusions between the
Garonne and Adour rivers and the Garonne and Charente rivers. We found that the Loire and
Vire rivers were both correlated with the Vilaine River, which could be explained by low
discriminationsn water isotopic ratios ).

Furthermore, the Vire River and the exs@urce s20 showed high confusion. It was the
same case for the Nivelle River and s18 and for the Scorff River and s19. Strong correlations
also occurred between extsaurcessuch as s19 and s21.
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Figure 9 Correlogram of the probabilities of reallocation in rivers of the water baseline andeutras for the third model.
Positive correlations are represented by blue whereas negative correlppeas @ red. Only significant correlations are
colored according to Spearman correlation test (the correlation is significant if p < 0.05).

Therefore, rivers of the same watershed (such as rivers Saison, Nive and Oloron or rivers
Scorff and Blavet) shoad strong confusions which were stable between models.

3.2.5. Choice of model to invetigate the functioning of the metaopulation

Using the MPR, the Shannon entropy and the number of sources as metrics, we found that
the third model reallocated fishes with a better reliability comparatively to the first model.
However, the third model generated reallocation with a low reliabilitextrasources.
Moreover, the third model showed a worst convergence. Besides, the DIC is relatively
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controversial in the case of IMfVhiteet al 200§ and was thus a poor argument of the hybrid
model quality.This point will be develogdin discussion.

Thethird modelfilled 12 sourceg¢l1 rivers of the baseline and 1 exs@urce)whereas the
first model filled 15 sources of the baseliiMore precisely, the Vire Vilaine and Adour were
excluded from potential sources from the third model. However, those rivers are known to be
important reproduction sites for Allis shadv(w.sagevire.fr; Elie & Bagliniere 200Q. In
parallel, we found strong confusion of reallocation between the Vire, Vilaine anel rivers
in the third model, which could explain that individuals reallocated in Vire and Vilaine rivers
in the first model were finally reassigned in the Loire River in the third model. Therefore,
considering that both convergence and ecological fadlteestrong limits, we decided to keep
the first model to investigate the functioning of the metapopulation of Allis shad. Another
advantage of this model is that the probability of origin depends on the catch year, which could
be useful to examine tempofalx dynamics between sources and sinks.

3.3.Functioning of the metapopulation
3.3.1. Recipient, donor and closed rivers

Because of an incomplete sampling scheme, flux calculation was performed only for 2013
in the following subsections. In 2013, sampled waualable for all catch rivers (i.e. recipient
rivers) except for the Nivelle River. Thus, this river could not be considered as a recipient river
in 2013 and was excluded from flux calculation. However, it was kept as potential donor rivers.
Besides, beasse Allis shad does not spawn in estuary, fishes sampled in the Adour estuary
could potentially have chosen the Adour, Oloron or Nive rivers to reproduce. Therefore, the
Adour estuary could not be considered as a recipient river and was then excluded from
subsequent analysis.

To compare the proportion of produced and received fishes per river, we considered only
rivers which are simultaneously recipient and donor rivers. Thus, we estimated flux between 13
recipient rivers (i.e. rivers where spawners were sampled in 2013) adondv rivers (i.e.
rivers of the water baseline) by multiplying abundance estimates with probabilitesiof
{ €ad).2010} ( ). We first calculated the proportion of strayers (i.e. incoming fishes)
and homing per recipient river. Then wadculated the proportions of strayers produced by each
donor river (i.e. outgoing fishes). We finally defined the proportions of total outgoing fishes
(i.e. % Total Outgoing) as the ratio between the number of outgoing fishes produced by a donor
river (i.e. Nout) and the sum of the incoming fishes received by a recipient river (ideaNd
the outgoing fishes produced by a donor river (ig¢)N ). It allowed the identification
of sources (i.e. rivers which produced more spawners than received) and sinks (i.e. rivers which
received more spawners than produced).
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Table 10 Total number of fishes estimated for kaecipient (Nr) anddonor river (Noio) and their relative and effective
number ofstrayersificoming and outgoing fishedncoming and outgoing fishes correspond to straying fishes (i.euthber
of homing fishes are removed from thamber ofincoming and outgoing fishes). The incomifishes are received by a
recipientriver. The outgoindishes are produced by a doniver. The proportions of total outgoing fishes weaalculated to
show whichriver is asource or a sinkTotal straying fisBs (Ntotou) corresponds to the sum of incomifidinc) fishes and
outgoing fishegNout).

Recipient Donor Recipient and Donor
Homing Strayers Strayers
Catch fi (=incoming _ I Total Strayers
; ishes . (= outgoing fishes)
sites fishes)
0
Ntotr Nhome % Ninc % Ntotd Nout % Ntotout O/(l).l';(())tlilg

Adour R 1041 1013 97.3 28 2.70 2396 1383 57.7 1411 98.0
Aulne 1964 1964 100 O 0 1970 6 0.30 6 100
Blavet 1628 1628 100 O 0 4324 2697 62.4 2697 100
Dordogne 2258 2229 98.7 29 1.30 4323 2095 48.5 2124 98.6
Garonne 2114 2 0.01 2112 99.9 644 642 99.7 2754 233
Lima 1235 613 496 622 50.4 613 0 0 622 0
Loire 1345 735 546 610 45.4 735 0 0 610 0
Minho 1896 1896 100 O 0 3821 1925 50.4 1925 100
Mondego 1442 0 0 1442 100 0 0 0 1442 0
Saison 764 0 0 764 100 0 0 0 764 0
Scorff 2250 0 0 2250 100 0 0 0 2250 0
Vilaine 1664 1231 74 433 26.0 1273 42 3.30 475 8.84
Vire 1911 1899 994 12 0.60 1899 0 0 12 0

Besides, contributions of eadkier to the total production of spawners in the metapopulation
were calculated using the number of fishes produced per dogofi.e. homing and straying
fishes) relatively to the total number of fishes produce in the metapopulatipme 10).

Figure 10 Contribution of eachdonorriver to the total production of spawners in the metapopulation. Productions were
estimated using the median of flux distribuspoonsidering that distributions were symmetrieaund the median

Sink rivers
Strict straying (00% of individuals) occurred in the Scorff, Saison and Mondego rivers
( ). Those river s d(netherdhoming noo straymglhus, thgse f i s h

rivers wereconsidered to be sinkvers. Obviously, low contributias to the total number of
spawners in the metapopulation were found for those rivversi¢c 10.

The Loire and Limarivers were also sinkivers. Any fish was exported from those rivers
(i.e. any straying fish produced) but similar proportion of homing and straying fishes were
received. Besides, low contributions to the total number of spawners were fothmastorivers
(around 3% ).
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