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DIMINUTION DES RESSOURCES PLANCTONIQUES ET
ARTIFICIALISATION DE
L'HABITAT - QUELLES CONSEQUENCES SUR LE
FONCTIONNEMENT DES COMMUNAUTES
AQUATIQUES?

Un apercu via I'étude des niches écologiques desmounautés de
macroinvertébrés et de poissons de la Meuse belgdrancaise

Par Adrien LATLI
RESUME

Si les effets des invasions biologiques sur la iberdité ont été largement étudiés par la
communauté scientifique, certaines de leurs imgtina peuvent étre exacerbées notamment
dans les écosystémes fortement anthropisés. Dépuii; du XX°™° siécle, un nombre
croissant d’études témoigne de la diminution desaerces planctoniques des grands cours
d’eau, tendance qui est souvent corrélée avecdtdpgn de mollusques invasifs filtreurs.
S’ensuivent généralement de multiples modificatidass la structure, la composition et le
fonctionnement des communautés. Ces changemertgrégnemment soit exacerbés, soit
confondus par diverses variables environnementMefgré I'importance de cette question
dans la compréhension globale des écosystemesntabtition de la chenalisation des cours
d’eau est rarement prise en compte comme factewstrédss lors d’études trophiques ou
fonctionnelles.

L’objectif principal de cette thése de doctorat @gtvaluer I'influence de la diminution des
ressources planctoniques et du degré d’anthropishgiddromorphologique de la Meuse sur le
fonctionnement des communautés de macroinvertébrds poissons de différents biefs de la
riviere.

La premiere partie repose essentiellement sur alection de base de données d’inventaires
biologiques. Nous y démontrons que I'abondancehddoplancton a diminué sur 'ensemble
du linéaire de la Meuse étudiée, et a influencdolectionnement des communautés en
entrainant une raréfaction des taxons se nourtistars la colonne d’eau au profit d’especes
benthivores. L’augmentation de I'abondance desspois invertivores et du grand cormoran a
significativement impacté les taxons de macroirdlgs et de poissons de plus grande taille,
a durée de vie plus longue et maturité sexuelleiiaega un age plus élevé. En revanche,
I'évolution temporelle des autres parametres ploysiimiques ne semble pas influencer les
traits d’histoire de vie des taxons constituantci@mmunautes.

La seconde partie combine des données d'échamtdlpes historiques et des inventaires
biologiques récents. Nous y établissons que, saitda diminution des ressources
planctoniques, les biefs aménagés pour la navigdliwiale offrent une plus faible diversité
de ressources basales que les biefs improprebatdlerie, limitant potentiellement la niche
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trophigue des communautés de poissons et de meertghbrés. Toutefois, les analyses

isotopiques révélent que malgré le fait que la eitbphique des macroinvertébrés soit plus
étendue sur le bief non navigable, les communalgéaacroinvertébrés benthiques des deux
sites consomment majoritairement des matiéres apges provenant de la ripisylve ainsi que

des végétaux aquatiques. Les ressources altermatdlies que le seston ainsi que le

periphyton ne contribuent que trés faiblement geaé trophique.

La troisiéme partie porte essentiellement sur waduétion de la niche trophique des jeunes
poissons de l'année via une approche basée suisdéspes stables. Nous tentons de
confirmer qu’en cas de faible disponibilité dessmsces planctoniques, la compétition
trophique intra et inter-stades au cours du dépaognt ontogénique des jeunes poissons est
plus importante dans les biefs aménagés pour lgatén. On observe sur les deux stations
que les alevins consomment une part plus importaetevégétaux aquatiques que les
juvéniles, malgré le faible intérét énergétique dette ressource. Cette compétition
alimentaire semble étre renforcée en Meuse nawgablla spécialisation alimentaire au sein
de la population d’alevins est significativemenigphmarquée forcant une partie des individus
a consommer des ressources peu energetiques.

Les résultats obtenus soulignent linfluence deabfitat dans le maintien de la diversité
taxonomique et de la dynamique du systeme. La tikatian des rivieres et
’lhomogénéisation des habitats ont eu un effeiqdigrement délétére sur le fonctionnement
des communautés et sur la résilience des hydrasgstgui ne peut qu’étre renforcé par les
différentes activités humaines et les changemdabsmgx.



PLANCTONIC RESOURCES DECREASE, AND HABITAT
ALTERATIONS, WHICH CONSEQUENCES FOR THE FUNCTIONING
OF COMMUNITIES?

An overview through the ecological niches of macravertebrates and fish
communities of the Belgian and French River Meuse

by Adrien LATLI
ABSTRACT

Many large European rivers have undergone mulfpéssures that have strongly impaired
ecosystem functioning at different spatial and terapscales. Global warming and human
activities have favored the invasion of exotic spgcdeeply modifying the structure of
aguatic communities in large rivers. In many riveexogenous species alter trophic
interactions within assemblages by increasing tedation risk for potential prey species and
limiting the dynamics of others via the limitatiof resource availabilities. Effects of these
alterations according to the degree of river chhpagon have been poorly investigated so
far. Rivers laid out for navigation could be moensitive to trophic perturbations due to a
lower diversity of available resources and a stesrigophic redundancy within communities.

The main objective of this thesis was to evalulageinfluence of planktonic resource decrease
on the functioning of macroinvertebrates and fismmunities in relation to the degree of
hydromorphological anthropization of the River Meus

In the first part, we studied long-term combineteets of global warming, trophic resource
decrease, predation risk, and water quality vamati on the trait-based structure of
macroinvertebrate and fish assemblages over 26 yeak 427 km stretch of the River Meuse.
The study of temporal variations in biological, plojogical, and ecological traits of
macroinvertebrates and fish allowed identifying camity trends and distinguishing impacts
of environmental perturbations from those inducgdbimlogical alterations. We provide
evidence, for this large European river, of anease in water temperature (close to 1 ° C)
and a decrease in phytoplankton biomass (-85%)yedsas independent effects of these
changes on both invertebrate and fish communitiee.reduction of trophic resources in the
water column by invasive molluscs has dramaticaffgcted the density of omnivorous fish
in favor of invertebrate feeders, while scrapersabee the major feeding guild among
invertebrates. Macroinvertebrate and fish commesitihave shifted from large-sized
organisms with low fecundity to prolific, small-sid organisms, with early maturity, as a
response to increased predation pressure.

In the second part, we investigated the trophichesc of macroinvertebrate and fish
communities from two differentially regulated reashof the River Meuse, both affected by
reduced water column resources. We hypothesizédibampact of the planktonic decrease
should have been lower in the less regulated reagarding community indices. Firstly,
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based on a trait-based approaches, we providersadblat the potential trophic niches of the
communities were affected at both sites by the ggfighkton decrease with a greater impact
on the most altered site. In the less regulatedhrethe functional equitability and the
specialization increased in the trophic nichesefrhacroinvertebrate communities during the
decrease of the planktonic resources while theceasdistayed constant in the channelized
reach. Secondly, based on stable isotope appraashdsighlighted that (i) the trophic niche
was slightly smaller in the channelized sectorhwitsignificant contribution of allochthonous
detritus and bryophytes at both sites; and (iijatax the most disturbed site had a lower
trophic niche overlap between sympatric consumers.

In the third part, we quantified the trophic nichwdsthree cyprinid species (common bleak
Alburnus alburnuschubSqualius cephalysand roachRutilus rutilug and one percid species
(European percRerca fluviatilig at various stages of development, in order topame intra-
and interspecific competitions between sites difiein their degree of channelization. Using
stable isotope analysis in two reaches of the RMeuse differing by their degree of
regulation, we hypothesized that habitat heterogenecreased the trophic specialization at
different life stages by offering more alternatinesources which reduce food competition,
notably during the early period of life. We providevidence that, in the context of low
planktonic biomass, most young-of-the-year reliadoenthic food sources. Furthermore, the
River Meuse flow and depth regulation significantinpacted the abundance and species
richness of young-of-the-year. In the heavily cheized reach, between-stages competition
and low resource diversity increased the diet pamtibetween cyprinid larvae and forced a
part of individuals to consume non-optimal ene@&iod sources such as aquatic vegetation.
On the other hand, in the less channelized reachaé displayed a generalist feeding habit
focusing on energetic prey such as different talxenacroinvertebrates, suggesting that the
diversity of habitat reduces the food competitiathim and between stages and the predation
risk.

This research took place within a multi-stressantert where it is complex and difficult to
statistically explain the variation of a single dagent metric by a specific independent
variable because of potential confounding effelisvertheless, the study highlighted (i) the
importance of trophic relationships in communityndsnics, (ii) the potential role of new
exotic taxa in the trophic functioning of riversnda (iii) the potential influence of
channelization that can unbalance the trophic faniotg, reducing the fish community
diversity and magnifying trophic disturbances.
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Introduction

1.Les grandes rivieres de plaine, des écosystemes
complexes sous pression
a. Description et fonctionnement écologique

Les écosystemes d’eau douce ne représentent gidiilhe superficie de la surface de la terre
(0,8%), mais cette petite fraction ne supportermpams de 100 000 especes différentes, soit
presque 6% de la biodiversité mondiale (Dudgenal, 2006). Ces milieux ont été
particulierement altérés par les activités humaiteedégradation des habitats, les altérations
hydrologiques, la pollution et l'introduction d’elspes éxogénes, a tel point qu’'on estime que
25% des espéces de poissons d’eau douce sont rasriegtinction dans le monde (Véé

al., 2009). L'étude des cours d’eau n’est pas chas®eacar ce type de milieu offre une large
diversité de morphologies, de ressources et deurpations au sein d’'un méme bassin
versant. Le flux d’eau unidirectionnel depuis I'amh@u bassin versant vers l'aval est une
caractéristique essentielle & prendre en compte lpazompréhension du fonctionnement de
ces écosystemes. Au fil du bassin versant, I'hydyiel la morphologie, la physico-chimie et
les ressources organiques évoluent, créant despbm®tspécifiques peuplés d'une grande
diversité d’espéces adaptées a ces caractéristiques

En regle générale, la téte du bassin versant daviere présente les caractéristiques
suivantes : une forte pente et une vitesse de B&auee, mais un faible débit et une largeur du
lit mineur réduite. Les contraintes physiques fagott le substrat de la riviere ou seuls les
minéraux de grande taille résistent au processéioslon. Plus en aval, la température de
'eau augmente et la réduction de la vitesse duacdipermet la sédimentation progressive
des éléments en suspension. Le débit et la lamysgmentent et la riviere tend a serpenter
dans la plaine alluviale. La température de I'eannait des variations saisonniéres qui
peuvent étre importantes, entrainant des défiasciuels de I'oxygene dissous lors des
périodes chaudes dans les milieux a forte biomasggtale. Ce gradient physique

longitudinal de I'amont vers l'aval du cours d’eawndifie les flux de matiere organique et

contraint les communautés végétales et animal&slaper aux caractéristiques du milieu et
aux ressources alimentaires disponibles (Tlebid., 2008).

C’est a partir des années 1950 que les premiegwidls rapprochant les caractéristiques
hydromorphologiques des riviéres et les assemblfaygsstiques ont été proposées. Marcel
Huet a mis en avant les conséquences de la vitiesseurant et de la largeur du lit mineur
dans la distribution des communautés piscicolese{H1962). Il a établi quatre zones
théoriques liées au profil en long des cours ddame région biogéographique donnée, les
parties les plus en amont seraient favorables aabmomidés et a leurs especes
accompagnatrices du fait de la vitesse du coudania température peu élevée de I'eau et du
faible ensoleillement. Les zones situées en avaiesd en revanche propices aux especes
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cyprinicoles plus adaptées aux eaux chaudes équest Cette théorie bien que relativement
ancienne est de nos jours encore couramment céesatans les ouvrages généraux
d’écologie des eaux douces du fait de son apprétdmentaire et facilement observable.
Néanmoins, de nombreux scientifiques ont approfeedioncept en y intégrant de nouvelles
variables descriptives liées aux caractéristiqued’lthbitat ou aux ressources trophiques
disponibles. En 1980, Vannotd al. proposent la théorie du « river continuum coneept
(RCC) décrivant la répartition des communautés derainvertébrés benthiques et des flux
de matieres organiques le long du gradient longialdiu cours d’eau. Cette théorie, suggere
gue la végétation riveraine (ou ripisylve) jouerle fondamental dans les réseaux trophiques
dulcicoles. La ripisylve controle fortement la digyibilité de I'énergie lumineuse et chimique
disponible dans le cours d’eau pour les zonesliessgn amont car, du fait de la faible largeur
de la riviere, la quantité de lumiére atteignartidathos est extrémement faible. Cette matiere
organique grossiere provenant du milieu terresalodhtone) représente la majorité de
I'énergie disponible de par la faible productioriocbphyllienne autochtone. Cette source
d’énergie profite aux macroinvertébrés benthiqueecteurs et broyeurs qui consomment les
micro-organismes se développant sur les feuillés lebis morts. Dans les zones plus en aval,
I'apport d’énergie lumineuse augmente avec I'éEggment du cours d’eau, ce qui profite aux
végétaux aquatiques (periphyton, bryophytes, méayteg). A cela s’ajoute la matiére
organique présente dans les particules fines dérol@ 'amont issues majoritairement de la
fragmentation mécanique et de la dégradation gamiero-organismes et macro-organismes
des éléments plus grossiers. Cette énergie autochtemplace peu-a-peu la matiére
allochtone liée a la ripisylve. Les macroinvert&bgui en profitent sont en majorité des
herbivores qui raclent le substrat en quéte desortiganismes se développant dans le
périphyton ou aspirent le contenu des cellulesvéggtaux (Wallace & Webster, 1996). Au
fil de I'eau, la largeur du cours d’eau augmentéagirofondeur alliée a la turbidité devient
limitante pour le développement des macrophytegnérgie disponible provient alors
essentiellement des matiéres en suspension déraiast que du phytoplancton. Les
communautés des macroinvertébrés benthiqgues sorg dbminées par les organismes
collecteurs et filtreurs.

Le RCC a toutefois été adapté en fonction du caeatbydrogéographique et des activités
humaines (Petts & Amoros, 1996). De plus, de nombrscientifiques ont proposé des
théories parfois contradictoires, parfois complétaieas au RCC. La théorie du « River
Habitat Templet » se distingue du RCC car elleaesbtnsidérer a I'échelle plus restreinte de
'habitat et relie I'organisation des communautésldgiques a I'hétérogénéité spatio-
temporelle de I'habitat (Townsend & Hildrew, 199E]le suppose que les caractéristiques de
'habitat ont forgé les stratégies d’adaptation deganismes (en termes de survie et
reproduction) qui ont developpé des traits d’higtode vie spécifigues aux conditions
environnementales correspondantes. Un environnegterigeant au cours du temps sera
préférentiellement peuplé par des especes praéifiqgau cycle de vie court, de faible taille,
mobiles et capables d’établir différentes formegéstances. Un environnement plus stable
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pourra accueillir, en plus des especes décritadeinment, des taxons de plus grande taille,
moins prolifiques, peu mobiles et n'ayant pas démeé de mécanismes de survie spécifique.

D’autres théories contestent le RCC, notamment I'suigine de la matiére organigue
majoritairement consommée dans les rivieres degladelon le RCC, I'énergie disponible
dans cette partie du cours d’eau provient essktieht de la matiére en suspension dérivant
de I'amont et du phytoplancton. Toutefois, dans théorie du « Flood Pulse Concept », Junk
et al. (1989) suggerent que le RCC sous-estime la patagports provenant du bassin
versant et plus précisément, de la ripisylve, de®ges hydrauliques et du bassin versant. Le
transport du carbone organique provenant de I'amtirait qu'une faible incidence sur la
productivité du systéme. Bien que le « Flood Pulsmcept » résulte d’études sur des
écosystemes fluviaux tropicaux, cette théorie aagi@ptée aux cours d’'eau tempérés par
Thorp & Delong (1994). Le « Riverine Productivityollel » (RPM) estime que la matiére
organique provenant de I'amont, qu’elle soit digeaau particulaire, est difficile a assimiler
pour les organismes. En revanche, la matiére agganprovenant de la ripisylve, une fois
transformée par les micro-organismes, est plusmiskie et contribue largement a la
productivité des systemes aquatiques ainsi que visgétaux aquatiqgues (algues et
spermaphytes) qui sont souvent, a tord, peu comsidérs des études trophiques (Thorp &
Delong, 2002). Le RPM considére que les sourcesadeone allochtone peuvent supporter
une part plus ou moins importante de la produéidit systeme via la boucle microbienne et
gu’ils sont a l'origine d'une grande partie de li@edsité taxonomique rencontrée dans les
cours d’'eau (Figure 1).
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Figure 1: lllustration conceptuelle simplifiée d'wéseau trophique d’une riviére de plaine selon le
RPM. Il existe deux voies énergétiques principalis les algues planctoniques et benthigues, et via
les organismes décomposeurs. La majorité de ladsisendes individus composant le réseau sont des
organismes meétazoaires de niveau trophique élesés ide la voie « algale ». Toutefois, une part
importante du carbone utilisée par les algues prinde la boucle microbienne des décomposeurs. Les
fleches représentent les transferts de carbone w#rcompartiments du réseau trophique. Tirée de
Thorp & Delong (2002).

Ces différentes théories ainsi que la variabilaéglles conclusions des études trophiques des
milieux dulcicoles soulignent que la réalité eatvant plus complexe que le cadre théorique
du RCC (Brettet al, 2017) et que I'étude d’'un cours d’eau nécessiterent de considérer
des interactions dépassant le cadre du lit miri@erfait, nous avons rapporté au cours de ce
chapitre une vision longitudinale ou transversale Ikhydrosystéme, mais a notre
connaissance ces concepts n’'intégrent pas I'aspéital et, mésestiment souvent 'influence
temporelle (Amoro®t al, 1988; Ward, 1989). Ce n’est qu'au début des anB660 que ces
aspects ont été mis en avant dans la syntheselgldba écosystémes fluviaux (Riverine
Ecosystem Synthesis) réalisée par Thetr@l. (2006a). Plutét que de proposer un nouveau
modele, les auteurs mettent en évidence les nmdtiplelations entre écologie et
géomorphologie au sein de la mosaique de patch&gbitat au sens du RHT) composant
I'hydrosysteme. La distribution spatio-temporelie cks patchs ainsi que leur dynamique et
les processus écologiques liés, déterminent latshei et le fonctionnement de I'écosysteme.
Cette vision complexe de I'écosysteme fluvial, bigrétant tres théorique, est actuellement
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la plus compléte et nous permettra dans la pavileaste de détailler les effets de certains
perturbations anthropiques sur les différents gsatainaines de I’hydrosysteme.

b. La régulation des cours d’eau et ses conséquenceslégiques

La plupart des riviéres de plaine ont subi d’'impotés modifications anthropiques au cours
des siécles passés (Stragerl, 1999). La fertilité des plaines alluviales ettanmodité de

la navigation fluviale ont incité les Hommes a aagar fleuves et rivieres pour leur propre
usage. Afin de limiter les dégats lies aux aléadrdipgiques, de nombreux aménagements
hydromorphologiques ont été mis en place au courssidcle dernier. L'édification de
barrages et de mesures de protection des berges amgacts directs ou indirects sur les
caractéristiques hydromorphologiques des rivietes fleuves sont alors transformés en
masses d’eau lentiques, au courant homogéne tolangude I'année hors période de crue
(Poff et al, 1997). L’habitat est également morcelé et homégén(Poff & Schmidt, 2016) et
les échanges entre les difféerents milieux (horizoxy et les différents biefs (verticaux) sont
également réduits (Roaddt al, 2009). Ces atteintes a l'intégrité des hydrosyste ont
profondement modifié directement ou indirectemess communautés aquatiques, mais
egalement le fonctionnement entier de I'écosystdms.grandes rivieres de plaine subissent
une multitude de pressions globales et localescérsrdirectement sur le cours d’eau, depuis
une zone plus en amont ou sur I'ensemble du basssant (Tockneet al, 2010). Ces
milieux sont donc fortement altérés par de mulgterturbations enchevétrées les unes aux
autres (Ormeroet al, 2010) qui sont susceptibles d’évoluer au courtedps et de I'espace
(Heathwaite, 2010) en provoquant des réponses giqokes complexes (Davet al, 2010).

La distinction et la quantification de chaque factde stress sur les communautés sont donc
particulierement difficiles a établir.

L'objectif de ce paragraphe n'est pas de listernt€gralité des perturbations
hydromorphologiques existantes mais de détailkerirgacts potentiels de la régulation des
grands cours d'eau de plaine sur les communautémtiqges (principalement des
macroinvertébrés benthiques et des poissons) pamdgr domaines de I'hydrosysteme
(hydrologique, géomorphologique et écologique,rsdlborpet al, 2008).

Hydrologie
Les processus hydrologiques qui ont lieu au sainalriviere dépendent d’une combinaison
de parameétres climatiques, topographiques et gépleg. Il est possible de caractériser
I'hydrologie d’'un cours d’eau via différentes vdnlies (Tableau 1) telles que son débit moyen
annuel et 'amplitude de ses variations, la frégeest la durée des épisodes de hautes/basses
eaux... Ces caractéristiques conditionnent I'intégéitologique de I'hnydrosysteme tout entier
(Poff et al, 1997).
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Tableau 1 : Exemples de perturbations anthropigesshydrosystémes d’ordre hydrologique. Tiré de
Thorpet al. (2008).

Domain Attribute Examples
Hydrology
Magnitude Reduction in peak flows, increased base flows, reduction or increase in
mean annual flow
Frequency Increased occurrence of low-flow events, decrease in occurrence of smaller
flow and flood pulses, increase in occurrence of mid-level flow events
Duration Prolonged low flows, reduction in length of overbank flows
Timing Seasonal reversal of flow events
Rate of change Increased rate of rise and fall of flow and flood pulses, increased stability of
water levels
Variability Increases or decreases in flow events
Predictability Increased low-flow events, decreased events larger than flow pulses
Patch character Loss of abundance of hydraulic patches, redistribution of hydraulic
patches

Une grande majorité des fleuves a été aménagéeenle faciliter le transport fluvial. Ce
type de modification anthropique perturbe les pssas hydrologiques naturels en limitant les
mouvements d'eau et de sédiments le long du co@sudLlLes barrages modifient les
variations de débit en créant des zones d’eauiglesd, pouvant se réchauffer et s’évaporer
fortement en période estivale et augmenter la s&umtion des particules en suspension
(zarfl et al, 2014; Winemilleret al, 2016).

Les processus hydrauliques et thermiques jouendlenfondamental dans les interactions
biotiques et dans la croissance, la survie, le Inoditane et le comportement des organismes
(Durance & Ormerod, 2007, 2009). De nombreux sifiganes ont rapporté que ces deux
types de facteurs influencent la production primagt les flux énergétiques (Descy &
Gosselain, 1994; Flouret al, 2012) mais également I'abondance et la diverddg
communautés planctoniques (Elliett al, 2006; Descyet al, 2012), des macroinvertébrés
benthiques (Usseglio-Polatera & Beisel, 2002; Bloat al, 2013; Latliet al, 2017a),
ichtyologiques (Buissoet al, 2008; Buisson & Grenouillet, 2009; Paalal, 2017). Basées
sur de longues séries de données temporellesulsséont mis en évidence une corrélation
entre les changements de structure et de composiie communautés en relation avec des
évolutions hydrologiques et thermiques (Daufresheal, 2004; Daufresne & Boét, 2007;
Durance & Ormerod, 2007; Vaughan & Ormerod, 20I2s grandes rivieres comme la
Loire, le Rhbne, la Meuse, I'Hudson ou le Missigsip(Frugetet al, 2009; Roactlet al,
2009; Strayeret al, 2011; Latliet al, 2017a) ont vu leurs communautés évoluer, d’un
assemblage spécifiqgue dominé par les espéces ileplffiliées aux rivieres a vitesse de
courant élevée et au substrat de grosse granuieméters un assemblage composé
majoritairement d’espéces limnophiles tolérant températures élevées et les faibles
concentrations en oxygene dissous (Tableau 2).
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Tableau 2 : Evolutions temporelles estimées de @8atités de traits de macroinvertébrés benthiques
en fonction de différentes tendances environnerfentibservées. Consulter Flowtyal. (2017) pour
plus d'informations.

Trait Category Prediction Rationale
Maximum size <5 mm / Better resistance to increasing man-induced pressure (warming)
10-20 mm N Lower resistance to increasing man-induced pressure (warming)
>40 mm / Large sizes enabled by hydraulic constraints reduction (decreasing flow)
Life-cycle durationt <1 year N Increasing habitat stability (discharge reduction)
Number of <1 yr! N\ Lower resistance to increasing man-induced pressure (warming effects exacerbated by
reproductive cyclest discharge reduction)
Reproduction Ovoviviparity 7 Better resistance to increasing man-induced pressure (e.g. increasing oxygen deficit due to warming)
(sexual)} Clutches: free, endophytic Reduction of flow forces (reduction in embryonic mortality if free clutches) + expected
or terrestrial increase in macrophyte development (due to phytoplankton limitation) + lower embryonic
mortality under stressful conditions in aerial (terrestrial clutches) and wet (endophytic clutches) habitats
Dispersalf Aquatic passive / Dissemination facilitated by the reduction of flow forces (‘voluntary” drift)
Aquatic active / Dissemination facilitated by the reduction of flow forces (swimming)
Respirationt Gills N\ Increasing oxygen deficit due to expected warming(organisms with gills are more sensitive
to oxygen depletion)
Aerial (plastron, spiracle) / Increasing oxygen deficit due to expected warming (adaptive advantage — aerial respiration is
not impaired)
Current velocity Null 7 Discharge reduction
preferences Slow (<25 cm s7') 7 As above
Moderate (25-50 cm s™')  \\ As above
Fast (>50 cm s ") N As above
Temperature Cold (<15 °C) N Expected warming
Warm (>15 °C) 7 As above
Food} Plant detritus >1 mm /7 Expected increase in macrophyte development (phytoplankton limitation)
Living macrophytes / As above
Living microinvertebrates* ™\ Expected decrease in zooplankton and benthic meiofauna (phytoplankton limitation)
Feeding habits Deposit feeder* N\ Expected decrease in particulate organic matter availability (eutrophication reduction)
Shredder* / Expected increase in relative proportion of coarse detritus (decrease in particulate organic matter)
Scraper, grazer* / Expected increase in biofilm development (phytoplankton limitation)
Filter feeder* N Phytoplankton limitation
Piercer (plants or animals) ./ Expected increase in macrophyte development (phytoplankton limitation) + discharge reduction
+ parasite
Predator (carver, engulfer ./ Discharge reduction
or swallower)
Trophic status Oligotrophic 7 Phosphorus concentration decrease and eutrophication reduction
Eutrophic AN As above

I'écosysteme fluvial (Tableau 3).

Géomorphologie
La prise en compte de I'hydrogéomorphologie d'umirsod’eau permet de considérer la
structure physique (du lit majeur, des berges etlitdmineur) et le fonctionnement de

Tableau 3 : Exemples de perturbations anthropigiesshydrosystéemes d’ordre géomorphologique.
Tiré de Thorpet al. (2008).

Domain Attribute Examples
Geomorphology
Riverine landscape ~ Connectivity Increases and decreases in the flow and sediment loads
Floodscape Stability Increased and decreased erosion of floodplain surfaces
Connectivity Decreased flow connections between floodscape and riverscape, increased
groundwater connections
Dimensions Reduction in the active floodscape area
Patch character Simplification and fragmentation of floodscape
Composition Loss of functional sets and units associated with floodscapes
Riverscape Dimensions Increased and decreased capacity of the active riverscape, change in shape
and complexity of riverscape
Planform Straightening of the river channel, reduction in the number of river
channels
Sl(ijpe Downcutting of river channel
Be

Patch character

Stability

Aggradation and degradation of the river bed, armoring of river bed
sediment

Loss of functional sets and units within the riverscape, change in
composition of functional sets and functional units

Increased and decreased stability of the riverscape
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La distribution des espéces dans les hydrosystéasiepartiellement liée a la distribution
d’habitats hérité des contraintes geologiques edliiiés par les forces hydrologiques, le
climat et la végétation (Thorp at., 2008). La diversité, la stabilité et la connexenire ces
habitats sont des éléments essentiels dans leiemadd |la biodiversité car ils permettent aux
différents organismes d'y realiser l'intégralité ber cycle de vie. Par exemple, la perte
d’'une connexion longitudinale liée a la mise erceld’'un barrage infranchissable a la faune
piscicole peut nuire aux espéces migratrices pdimpes (Poff & Schmidt, 2016). Sur la
riviere lllinois, I'interruption des connexions eatles bras morts et le lit majeur induit
localement I'exctinction de certaines especes dall@sod’eau douce dont les larves
glochidies (parasites des poissons) étaient ewiddfhotes dans certaines zor@sicker et
al., 1996).

La variation du niveau de I'eau et la durée desopés de hautes eaux permettent le maintien
de la végétation rivulaire et des foréts/prairidBiveales qui offrent divers services
écologiques (Figure 2). Les variations de débitawrs de I'année entretiennent la diversité
specifigue de la végétation et remettent en sugpenss fines particules recouvrant le
substrat, augmentant la productivité benthiqueeetéant des zones de fraie pour la faune
ichtyologique. Les crues majeures participent azhagges de matieres organiques entre le lit
majeur et le lit mineur (Po#t al, 1997).

River Stage Erequency |

= Centennial

Decadal

N

Figure 2: Coupe transversale d'un écosysteme fladaplaine en fonction des aléas hydrologiques.
Tirée de Pofkt al. (1997).

Comme nous l'avons explicité précédement, la coimmeXspatiale” entre les différents
habitats joue un réle prépondérant dans le fonedorent de I'écosysteme mais la
composante “temporelle” est également a considésemagnitude ainsi que la durée des
épisodes de hautes eaux diversifient les ressoarggitables et accroissent les productivités
primaire et secondaire des écosystéemes aquatigussqae I'abondance des invertébrés et
des vertébrés (Jenkins & Boulton, 2003).

Depuis la prise de conscience écologique et la mrisplace de travaux de renaturation des
cours d’eau, de nombreux auteurs ont cherché a@véimpact de difféerents types de

restauration de la qualité physique de I'habitat lss communautés de macroinvertébrés
benthiques et de poissons (Lamouraixal, 2015). Il a été démontré sur le Rhéne que la
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reconnexion du lit mineur a la plaine alluviale plde avec l'augmentation des débits
réservés augmentait 'abondance des especes dmpoiwtiques lithophiles d’'un facteur de
1,9 a 2,4 (Daufresnet al, 2015; Lamouroux & Olivier, 2015). Castel al. (2015) ont
démontré que la diversité taxonomique des macrdielveds etait corrélée avec le degré de
connexion latérale des rivieres de plaine, la di@r granulométrigue du substrat,
'abondance de la végétation aquatique et de l@&éneabrganique en décompostion. Certains
taxons comme les trichoptéres et certains éphénggegpréagissent positivement aux travaux
de renaturation de cours d’eau. La restaurationdéégs et des habitats diversifie les traits
liés a la locomotion des organismes, aux régimiseataires et favorisent les especes de
large taille, a long cycle de vie avec une matwiéuelle tardive (Mérigouat al, 2015).

Ecologie
La complexité des relations trophiques observées ts cours d’eau de plaine dépend de
I'abondance et de la diversité des espéces présenties ressources disponibles (Tableau 4).
Ces facteurs sont partiellement dépendants de lamagphologie du biotope, de
I'hétérogénéité de I'habitat et de sa stabilitéqiftet al, 2008).

Tableau 4 : Exemples de perturbations anthropigaseshydrosystemes sur les processus écologiques.
Tiré de Thorpet al.(2008).

Domain Attribute Examples

Ecology

Competition Introduction of nonnative species and changes in community composition

Food resources Shifts in importance or benthic or pelagic resources, altered primary
productivity, changes in catchment and riparian inputs, changes in food
quality

Predation Introduction of nonnative species, changes in community competition

Reproduction Loss of reproductive and nursery habitats, disruption of migratory

and dispersal pathways

Certains scientifigues ont constaté que la morgielodu lit mineur influencait les
caractéristiques du seston et de la matiere orgarainsi que celles de ses consommateurs
comme les macroinvertébrés benthiques (Wadttad, 2007). Une autre étude suggére que la
morphologie du lit mineur ainsi que I'évolution tparelle des débits peuvent conduire a
I'exclusion de prédateurs (Doyle, 2006). Suite dikparition du prédateur, I'abondance des
proies augmente impactant la disponibilité des a@s®s basales (ressources primaires
constituant la base du réseau trophique). Suvikxe Eel, 'abondance des prédateurs décline
lors des années ou le débit de la riviere est falilde que la moyenne. Les consommateurs
primaires limitent alors le développement algaljswars des années a pluviométrie élevée, le
recouvrement des algues est beaucoup plus impg@hemks et al, 2000). Une étude de Fry
(2002) met en relation I'impact de la diminution ldeconnectivité entre le lit mineur et le lit
majeur de la riviere Mississippi avec la diversitgs ressources utilisées par les invertébrés
benthiques et les poissons a différents stades édelappement. La diminution de la
connectivité latérale induit une diminution de lavedsité du régime alimentaire et la
complexité du réseau trophique.
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Ces différents exemples laissent percevoir I'imgioce de I’hétérogénéité de I'habitat dans la
diversité spécifique, la prédation, le stockagke é¢tansport de la matiére organique ainsi que
la production autotrophe (Post & Takimoto, 2007uiefois, la géomorphologie n'explique
pas I'entiereté des perturbations observées swolesnunautés dulcicoles. L'introduction de
certaines espéces, prédatrices ou ingénieuresgpeavoir de sérieuses conséquences sur
'ensemble de niveaux d’'organisation écologiquemi&rloff et al, 2013). Via des
interactions directes (compétition trophique, pti&a...) ou indirectes (modification de
'habitat, nouveaux pathogénes,...), les especes emasy modifient la structure des
communautés indigénes en terme d’abondance etvdesitié spécifique. L'apparition d’'une
nouvelle interaction sur les niveaux inférieursrdamisation biologique se répercute souvent
aux niveaux supérieurs, impactant ainsi le fonct@onent de I'écosysteme tout entier
(Cucherousset & Olden, 2011; Strayer, 2012). En dmgrolifération, certaines espéces
ingénieures peuvent en peu de temps réduire certgipes de ressources, restructurer
complétement le réseau trophique (Zanden & Casselri899) et forcer les espéces
concurrentes a des changements de régime alimrer(fBromsenet al, 2014). Suite a
'invasion de mollusques éxogenddréissena polymorphat Corbicula sp), les grands lacs

et rivieres américains ont vu en quelques annéegdpulations de bivalves natives décroitre
(Strayeret al, 2008; Lercari & Bergamino, 2011). Les scientiiguont également constaté
des perturbations sur I'ensemble de la biocénosebdetéries présentes dans le sédiment
(Frischeret al, 2000) jusqu’aux poissons piscivores (Damiehl, 2005; Ward & Ricciardi,
2007a). Il a été rapporté que les caractéristigpggonnementales étaient corrélées au succes
d’'une invasion. Les écosystemes perturbés auxatallibmogéenes, a la diversité spécifiqgue
faible et limités en nombre d'interactions biotig@®nt particulierement sujets aux invasions
biologiques (Ricciardi & Macisaac, 2010).

2. Le concept de niche écologique
a. Histoire et définition

La compréhension du réle de la biodiversité etaddynamique des échanges d’énergie et de
matiere au sein de I'écosysteme est un des olgautijeurs des études écologiques. De par
leurs activités, les organismes régulent de nomxbpeacessus écologiques et augmentent la
résilience de I'écosystéme face aux variationsrenmementales. En 1917 Joseph Grinnell
introduit une étude originale décrivant la répodaee espece, le Moqueur de Californie
(Toxostoma redivivujnvis-a-vis de certaines variables de son envirorerg. Cette vision
dite grinnellienne décrit la niche d'une espéce comme un ensemble fadéeurs
environnementaux nécessaires a la survie et gtadection de ses populations. Dix années
plus tard (1927), Charles Elton introduit sa visidn concept de niche centrée sur les
interactions entre les especes vivant un mémemeoica nichesltoniennene prend donc pas
en compte les facteurs environnementaux, mais $tiponement d’'une espéce dans son
réseau ainsi que son rble et son effet sur leesudrganismes. En 1957 George Evelyn
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Hutchinson revisite le concept de niche et défamiche écologique d’'un organisme comme
un volume dans un espace multidimensionnel dontabess représentent des facteurs
environnementaux (abiotiques et biotiques) permettacroissance et la survie de I'espéce.

On distingue deux sortes de niche, l'une théorifuehe fondamentajeet I'autre déduite
d’observationsn situ (niche réalisée Figure 3). La nichédondamentaleeprend I'ensemble
des conditions abiotiques nécessaire a I'établissérd’une population. La niche réalisée,
plus restrictive, ajoute I'effet des interactionstigues dans la description (Devicter al,
2010).
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Figure 3: Représentation des différents typesideen considéréegrinnelliennevs eltonienne —
fondamentaless réaliséd. La figure représente (a) I'abondance d’une espians un milieu controlé,

(b) 'abondance d’'une espéce selon I'habitat (sylimbéa@n gris), (c) ldithessd’une espéece selon ses
caractéristiques biologiques, (d) I'impact de I'esp sur d’autres espéces ou ressources (symbolisées
en gris). Tirée de Devictat al.(2010).

De nos jours, I'approchgrinnellienne est principalement utilisée dans le domaine de la
biogéographie afin de définir I'’évolution des aitesrépartition des espéces dans un contexte
de changement climatique (Elitht al, 2006). L’'approcheeltonienne,quant a elle, est
particulierement utilisée a I'échelle de la commutédors d’études fonctionnelles basées sur
les caractéristiques (physiologiques, morphologqguedes taxons (Mairet al, 2015) ou a
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des niveaux trés variables (de la communauté aivVidu) lors d’études trophiques
(Newsomeet al, 2007).

La représentation des niches d’une espéce ou damenunauté n’est qu’'une caricature de la
réalité qui reste tres complexe a étudier du faitadmultitude des interactions biotiques ou
abiotiques (stochastiques ou non). De plus la nisie la niche peut évoluer en fonction de
I'échelle spatio-temporelle ou du domaine d’étudéaguelle elle est rattachée (Chase &
Myers, 2011).

b. La niche trophique

Les relations trophiques jouent un réle primordddns le fonctionnement global de
I'écosystéme (Lindeman, 1942). Le fonctionnement émsystéme peut étre appréhendé en
décryptant les flux d'énergie entre les différentganismes ainsi que leurs interactions
trophiques. C’est pourquoi la niche trophique, semsemble de la niche écologique, a
bénéficié d’'une attention particuliere de la paes dhiologistes. On peut considérer la niche
trophique comme les ressources intégrées par wsoounateur (niche trophigue réalisée) ou
comme les ressources potentiellement utilisabledggaconsommateurs en fonction de leurs
caractéristiques phénotypiques (niche trophiquddarentale). Afin d’augmenter sa lisibilité,
la niche trophique est généralement représentéewwndimensions (Figure 4). La dimension
verticale correspond généralement au niveau troghide I'individu ou du taxon et la
dimension horizontale représente l'affinité desvilis/taxons a un certain type de ressource
qui permet aisément de distinguer les consomma(Buify et al, 2007).
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Figure 4 : Représentation théorique de la nichghicue de 6 espéces. Les axes X et Y peuvent étre
les quantités d’éléments chimiques, ou les axexipaux d’'un espace fonctionnel. La largeur du

22



cercle noir correspond a la largeur de la nichphlique ou a I'abondance d’'une espéce donnée. Les
fleches noires indiquent les liens trophiques desaspéces. Tirée de Woodward & Hildrew, (2002).

The angle between the dashed and dotted lines épi2sents the angular imbalance between
species 1 and 2.

La modélisation des niches trophiques dans un edpiaarié est particulierement utile pour
caractériser les changements qui ont lieu au sela dommunauté ou de la population suite a
une perturbation abiotique et/ou biotique de I'¢stasme (Pakeman, 2011). En partitionnant
I'effet des différents types de perturbationssil possible de visualiser I'influence de chaque
type de pression sur la niche trophique de la conamié¢ ou de la population (Mouillet al,
2013). De nombreux facteurs environnementaux peuménencer la niche trophique car ils
régulent partiellement la disponibilité des ressear Il a été démontré par exemple que la
fragmentation de I'habitat (Figure 5) a un impaghsicatif sur la taille de la niche trophique
(Laymanet al, 2007a). Les populations de prédateurs évoluarg da habitat peu diversifié
ont ainsi un choix de proies potentielles plusl&ibls sont donc trés dépendants d’'un certain
type de proies dont lI'abondance peut varier au sodu temps et ainsi impacter
significativement la compétition entre les consoreues.

Niche width (TA)

0 20 40 60 80 100
% Fragmented

Figure 5: Taille de la niche trophique (TA) de Sarde grise L{utjanus griseus en fonction du
pourcentage de fragmentation de I'habitat. Lesgles correspondent a la taille de la niche des
Sardes échantillonées dans les différents halieatéférences. Tirée de Laymetral, (2007).

De nombreux mécanismes biotiques peuvent égalemdffiencer directement ou
indirectement la niche trophique d’une communaetéeuvent conduire a des changements
drastiques du régime alimentaire et/ou de I'abondates individus (Rosemord al, 2000;
Laymanet al, 2007a; Carpenteaat al, 2011; Estegt al, 2011). De nombreuses publications
ont mis en évidence les effets d’'une modificati@nla structure verticale (top-down) et/ou
horizontale (bottom-up) du réseau trophique a et sfir le fonctionnement de I'écosystéme,
via un effet direct sur les consommateurs/proiess négalement un effet indirect sur la
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dynamique du cycle des nutriments (Aslatyal, 2007; Dineen & Robertson, 2010; Schmitz
et al, 2010; Estest al, 2011; Ruhet al, 2016; Suracet al, 2016).

c. Les interactions trophiques

Dans l'étude des différents types de relationsidpess influencant la structure trophique
d‘une communauté, trois principes sont considémdsnee fondamentaux : la prédation, la
compétition trophique et la spécialisation alimaetdMcCannet al, 1998; Pawaset al,
2012).

Via une interaction verticale «top-down », les dat@&urs structurent les communautés
animales, contrdlent 'abondance des proies etisedti des modifications morphologiques,
physiologiques et comportementales sur ces demi@ifiawlena & Schmitz, 2010). La

prédation joue un réle essentiel dans le réseahitjoe a tel point que la disparition d’'un

grand prédateur peut entrainer une cascade trophmu modifiera profondemment

I'écosystéme tout entier (Estesal, 2011).

Pour le prédateur, I'acquisition de nourriture estélément-clé qui doit étre optimisé afin
d’augmenter la survie et la compétitivité. Selodgdtimal Foraging Theory (OFT; Charnov,
1976), chaque individu sélectionne ses proiesdibptimiser le gain d’énergie en limitant le
colt d’acquisition et en maximisant les bénéficesrgétiques fournis par la ressource. La
balance énergétique dépend donc des caractéristiguia proie, de la capacité du prédateur a
capturer et assimiler la ressource et des risqigss d son acquisition. Les prédateurs
consomment donc, dans un premier temps, les pleseplus profitables qui tendent a se
raréfier, ce qui, a terme, augmente la compétittdimentaire et peut forcer a une
diversification du régime alimentaire.

La compétition structure les populations et les momautés, dans lesquelles la nature et la
force des interactions sont généralement détermipaela taille, le stade de développement
ou l'age des organismes (Woodward & Hildrew, 2008%oodwardet al, 2005). Une
population structurée, par stade de développemdngénique par exemple, présentera deux
types d’interactions compétitives, I'une au seiardstade donné (compétition intra-classe) et
lautre entre les différents stades (compétitioteritlasses ; Araudjeet al, 2011). La
compétition alimentaire peut étre plus rude posritalividus d’'une classe donnée vis-a-vis
d’une autre classe en fonction de leur morpholdgig, physiologie, leur génétique, leur traits
d’histoire de vie respectifs (Quevedn al, 2009; Dallet al, 2012; Paulset al, 2013;
Bouwhuiset al, 2014; Biro & Sampson, 2015). Par exemple, chez{g@rins d’eau douce,
les larves en post-résorption de la vésicule vikelsont moins efficaces que les juvéniles
pour capturer certains types de proies particutierg profitables comme le zooplancton, car
le faible développement des nageoires réduit leabilité et I'ouverture limitée de leur
bouche les contraint a ne consommer que des ongaside faible taille et moins nutritifs,
comme le phytoplancton (Nurat al, 2012).
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La compétition trophique induit une croissance dérdépendante, car une abondance de
prédateur induit une forte compétition qui rédugtbbndance des proies et donc I'apport
énergétique pour les consommateurs. En cas depoitakon de la ressource nutritive, le
degré de généralisme intra-classe des consommadetesdance a augmenter (dimension
horizontale), sans que cette diversification dumégalimentaire ne touche tous les individus
(Svanback & Bolnick, 2007). Certains individus, tites capacités a se reproduire dans un
environnement donné sont les plus élevées fimess ; Hunt & Hodgeson, 2010),
sélectionneront les proies les plus profitablesligamue les autres ajouteront de nouvelles
ressources a leur régime alimentaire (Bolretlkal, 2003). Cette variabilité trophique intra-
spécifiqgue, également appelée spécialisation iddelle (Sl), correspond a une
différenciation de la niche trophique des individlisne méme espéce (ou population) a
travers les différentes proies consommées. La algation individuelle (SI) de la population
augmentera si les individus consomment des resseutdférentes. Au contraire, si les
individus convergent vers le méme type de proi@msdaire, la Sl diminuera (Bolnickt al,
2002).

Les effets potentiels des différents mécanismek@icues comme la prédation, 'abondance
des proies et/ou des consommateurs influencaritdars repris dans la Figure 6.
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Figure 6: lllustration de linfluence des mécangsmécologiques sur le degré de spécialisation
individuelle. La taille de la fleche verticale igdie la contribution de la ressource au régime
alimentaire du consommateur. Les fleches horizestdllustrent I'influence du facteur étudié (pdsiti
ou négatif) sur la valeur de la Sl. (a) A faiblesi€é, les consommateurs aux phénotypes différents
(niveau de gris) partagent la méme ressource ula giofitable (triangle gris foncé). Si le nombee d
consommateurs augmente, I'abondance de la ressdargdus intéressante diminue forgcant les
individus a diversifier leur régime alimentaire gawentation de la Sl). (b) Autre possibilité, si les
consommateurs ont chacun une ressource préféoke,lalrégime alimentaire des 2 phénotypes est
bien distinct en cas d’abondance des ressources. Méabondance des consommateurs augmente,
les ressources les plus profitables vont diminusigeant les consommateurs des deux phénotyes a
consommer complémentairement la méme ressource expipitée précédemment car moins
énergétique (diminution de la Sl). (c) En absenesittes espéeces compétitrices (losange noir), les
consommateurs de différents phénotypes consomnifééredtes ressources (Sl élevée). En présence
de compétiteurs, un type de ressource peut neéplesaccessible aux consommateurs, qui doivent se
contenter d’'un type de ressource (réduction dd)laL$hverse de la concurrence inter-spécifique es
l'opportunité écologique, qui peut augmenter egsoraide la diminution de la compétition et devrait
avoir un effet positif sur la SI. (d) En cas desmsgce affiliée & un type de microhabitat présenian

A
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risque de prédation élevé, la présence du préd@tarwré noir) peut réduire la S| des consommateurs.
Aravjoet al.,2011.

L’intégration de la Sl offre une vision plus comgléles relations trophiques et de I'effet des
changements de structure et de fonctionnalité depulptions/communautés sur le
fonctionnement de I'écosysteme. Dans ce contegte,jdunes cyprins de 'année sont un
modele biologique particulierement intéressant ques en fonction de leur stade de
développement, les individus sont tres sensiblés @ompétition trophique intra et inter-
classe(s) (Nunret al, 2007a). De plus, ces poissons évoluent dans négsoBnements
differemment perturbés, ce qui permet d'étudianfllience de certains types de pressions
anthropiques sur les interactions trophiques.

3. Méthode de description de la niche trophique
a. La niche fonctionnelle

L’étude des relations entre la biocénose et soir@mement était habituellement considérée
via une approche centrée sur les taxons/especesn@ant, de nombreux scientifiques ont
révélé que le changement de la richesse spécifigyeue pas un réle prépondérant dans les
processus fonctionnels qui régissent la commun@eésset al, 2009). Bien que certaines
especes-clés peuvent controler le fonctionnementl'@eosysteme, via par exemple
I'utilisation des ressources, il est possible qusain de la communauté plusieurs taxons aient
un role écologique identique (Walker, 1992; Loreaal, 2001). La disparition d’'une espéce
n'implique donc pas forcéement un changement dutfomeement écologique du systeme, car
une autre espeéce, indigéne ou éxogene, peut pEtement se subtituer a elle. Cette
« redondance fonctionnelle » est en grande paréterchinée par les caractéristiques
biologiques (morphologie, régime alimentaire...), giblogiques et écologiques des taxons
concernés (Griffinet al, 2009). La compréhension du fonctionnement d’uosgsteme est
donc concevable par I'étude de la niche fonctiderags organismes s’y développant, via une
approche centrée sur les traits d’histoire de Meuliot et al, 2013). Les traits d’histoire de
vie sont une description des traits fonctionnels, aaractéristiques phénotypiques, qui
déterminent lafitness d’un individu (Violle et al, 2007). La niche fonctionnelle d’une
communauté est représentée par un espace multhsiomael dont les axes correspondent a
I'utilisation des traits fonctionnels (Figure 7)rddes valeurs sont modulées par I'abondance

des individus des différents taxons.
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Figure 7 : Représentation théorique de la nichetionnelle d’'une communauté en fonction de 3
types de pressions différentes. (a) Espace fonatiodéfini par 2 traits avec 8 especes. (b) Effet
anthropique fort pour les espéces ayant une affigliievée pour le trait 1 (c) Effet potentiel de la
présence d'un taxon exogene (cercle rouge), effgatif sur les especes compétitrices mais positive
sur les prédateurs. (d) Contrainte environneme#élalee pour les taxons ayant une forte affinitérpo
le trait 1 et faible pour le trait 2. (e) combiraisdes conditions (b) et (d) conduisant a I'extomct
d’'une especeéMouillot et al.,2013

La modélisation de la niche fonctionnelle d’'une cammauté repose sur la réalisation par
codage flou (Chevenet al, 1994) d’une matrice reprenant l'affinité de chadaxon vis-a-

vis d’une combinaison sélectionnée de traits fametels. Ces scores d’affinités sont croisés a
I'abondance des individus des différents taxonsstituant la communauté. A l'aide d’une
analyse multivariée réduisant le nombre de dimerssion espace bivarié est créé, permettant
de visualiser I'espace fonctionnel de la communatitde caractériser la niche fonctionnelle
de la communauté via certaines métriques (Figuprd)osees par Villéger at. (2008) :

- La richesse fonctionnelle (FRic) considere le vaude la niche de la communauté
dans I'espace fonctionnel. Un grand volume indigaoe importante diversification des
caractéristiques fonctionnelles de la communauté,

- L’équitabilité fonctionnelle (FEve) apprécie la uvigyité des distances entre les
différents taxons dans I'espace fonctionnel porel@a I'abondance des individus de
chaque espéce. Cet indice diminue lorsqu’'un gramchbme d’individus ont des
caractéristiques fonctionnelles identiques,

- La spécialisation fonctionnelle (FSpe) évalue lstasthce moyenne entre les
différentes especes et le centre de la niche péadsar I'abondance des individus de

28



chaque espece. L'indice diminue lorsque de nombBreaspeces se retrouvent proches
du centre de la niche.

Functional richness Functional evenness Functional specialization

FRic=91% FRic=71% FEve=0.816 FEve=0.586 FSpe=76% FSpe=56%

FShift=37%

Figure 8 : Evolution potentielle de la niche fooatelle d'une communauté aprés perturbation
(rouge). Les especes sont représentées dans uredspdimensionnel en fonction de leur affinité
pour différents traits fonctionnels et de leur adeomce relative.

Pour cette étude nous avons sélectionné deux Has#gsnnées de traits d’histoire de vie des
macroinvertébré benthiques et des poissons pubigsgectivement par Tachetadt (2010)

et Blanck efal. (2007). Ces bases de données permettent d’obgga@sément les réponses
des communautés a différents types de pressiotigu@oou biotique (Dolédec & Statzner,
2008), a des échelles spatio-temporelles variéedz(®ret al, 2001), d’établir un gradient
des perturbations (Statznet al, 2004). La base de données utilisée comporte ifs tra
biologiques et 10 traits écologiques décrits pa@ dibdalités pour les macroinvertébrés (c.f.
chapitre 1, annexe S1) et 36 modalités rassemblédd traits pour la faune piscicole (c.f.
chapitre 1, annexe S2).

b. La niche isotopique

Suite a la démocratisation des analyses des isottpbles dans le monde de la recherche,
I'approche isotopique est devenue un standard letosle de la structure des niches et des
réseaux trophiques (Newsone¢ al, 2007). Le terme « niche isotopique » est dés@mai
employé pour décrire la niche trophique d’'une papoih a partir des rapports isotopiques de
deux éléments au minimum, généralement le carbori@zmte (Vanderklift & Ponsard,
2003).

La technique des isotopes stables repose sutt lgufain méme élément chimiqué'X), avec

un nombre de protons bien défini (Z), peut avoinombre de neutrons variable. L’ajout d’un
ou plusieurs neutrons rend I'élément plus « louglie sa forme standard dite « Iégére » (Fry,
2006). Les isotopes « lourds » sont généralememsabondants dans le milieu natuesh.
lisotope léger du carboné?C) représente 98,89% du stock global de carborrednil%
pour le**C. De maniére similaire, seulement 0,36% du stéakade global est composé de
lisotope lourd {°N). Les variations des abondances isotopiques étast faibles, les
compositions isotopiques des échantillons sont daonparées a des références
internationales (V-PDB pour le carbone et 'azaima@sphérique pour I'azote) et exprimées
en valeurs relatives) et en %o.
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Malgreé leur difference de masse, qui dépend du memé neutrons constituant I'élément, les
isotopes participent aux mémes réactions chimiquiestefois, la vitesse de réaction et les
concentrations a I'équilibre thermodynamique variem fonction de la masse de lisotope,
dite «légere » ou «lourde ». Lors de processysigbhes ou biochimiques, les composeés
« lourds » présentent une plus forte énergie deodiation vis-a-vis de l'isotope « léger »
réduisant leur mobilité et augmentant leur accutrariadans les composées plus stables. Les
molécules « légéres » ont en revanche tendanceex@@biner plus rapidement (Fry, 2006).
Ce fractionnement thermodynamique est le pointregdede l'utilisation des isotopes en
ecologie trophique, car il permet de modéliserdelsanges entre compartiments organiques
et/ou inorganiques.

DeNiro & Epstein (1977 & 1978) ont évalué le fracimement des isotopes de carbone et
d’azote dans les relations trophiques. lls ont deed que, pour le carbone, I'enrichissement
en isotope lourd lors d’'une transition trophiqueigiprédateur est négligeable (0,8+/-1,1%o)
mais qu’'il est en revanche un tres bon marqueda ég®urce de carbone inorganique utilisé
lors de la photosynthese. En milieu aquatique, nfedécules de C@nécessaires a la
photosynthese des végétaux sont disponibles sawusefalissoute ; ces molécules sont
enrichies en isotopes « lourds » par rapport dooce atmosphérique. Il est donc possible de
distinguer I'origine des matieres carbonées préseadns le milieu étudié (Figure 9).
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Figure 9 : Gamme de variations &fdC des producteurs primaires en milieu lacustreg®2007.

En écologie trophique, I'analyse de I'isotope dezdite §*°N) est complémentaire a celle du
carbone, car il est un marqueur pertinent de latiosl proie-prédateur. Les consommateurs
affichent un enrichissement &N relativement similaire a chaque pas du réseahinoe,
évalué a 3,4 +/-1,1%. par Minagawa & Wada, (1984t €hrichissement est majoritairement
da & I'excrétion d’urine appauvrie €N par le consommateur. D’autres études plus résente
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(Post, 2002a; McCutchaet al, 2003) estiment I'enrichissement trophique moyeh+/-
1,8%o.. Le fractionnement étant variable en fonctlortype de taxon, de son environnement et
du tissu étudié, Cawt al. (2009) ont proposé une estimation des facteursadtidnnement
basée sur une compilation de 66 études (Figure 10).

‘( All tissues: A"”C =-0-2138"C — 2-848 All tissues: AN =—-0-2618"N + 4-895
E Muscle: AC = -0-2485"C - 3-4770 Muscle: APN = —0-2818"°N + 5-879
T Whole Body: A”C = -0-2035"°C - 2-326 Whole Body: A”N = —0-3268"N + 4-907
&
[ Liver: AC =0-77 (0-30) J [ Liver: AN = 1-61 (0-34) ]

Figure 10 : Equations permettant de calculer l& teifractionnement d&°N et §'°C d’organismes
vertébrés exothermes en fonction du tissu échamti#. Tirée de Cawt al.,2009

Les valeurs isotopiques &3°C et 8'°N projetées dans un espace bivarié (Figure 11.a)
permettent de visualiser la niche isotopique d'pmpulation ou d'une communauté.
L’ordonnée §*°N) permet de distinguer le niveau trophique dessoomateurs tandis que
I'abscisse §°C) sépare les consommateurs en fonction des ressogrimaires qui les
composent. La projection de la distance maximateedas consommateurs sur I'axe des X
(CR oud™C Range) est un indicateur de la diversité desouesss basales présentes dans
I'écosystéme consommeées par la communauté/populétiediée. Son équivalent sur I'axe
des Y (NR ous™N Range) décrit la longueur de la chaine trophidaela communauté
(Figure 11.b). La surface englobant les valeurtofques de tous les taxons composant la
communauté peut étre interprétée comme la niclphitjaoe de la communauté (Figure 11.b).
De la méme maniére qu’avec la niche fonctionndlliexiste différentes métriques évaluant la
distance moyenne entre les taxons et le centraidda dommunauté (CD ; Figure 11.c), ainsi
gue la distance moyenne avec le plus proche voiéhD ; Figure 11.d ; Laymart al,
2007). Les interactions au sein de la niche traphipeuvent étre étudiées en fonction de la
répartition des points dans la niche isotopiqugufas 11.c et 11.d) mais également entre
deux ou plusieurs niches (Figure 11.e). Le recauerd des niches isotopiques (@erlap

est un indicateur de la compétition trophique geuitpétre testé statistiquement a l'aide de
modeles bayesiens (Laymanal, 2012).
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Figure 11 : Visualisation de la niche isotopiquaurn# (a:d) ou de deux communautés (e) de
macroinvertébrés de la Meuse. Chaque point cornespda valeur isotopique moyenne d’un taxon,
les barres, verticale et horizontale, représemgevariabililité isotopique individuelle (SD).
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c. Composante intraspécifique de la niche trophique

Au sein de la niche trophique d’une population,iteividus consomment différemment les
ressources alimentaires (Bolniekal, 2003), en fonction des ressources disponiblesyui
d’habitat et de la pression de prédation (c.f. 8202 nombreux auteurs estiment qu'’il est
essentiel de prendre en compte ce type de vat@llli fait de son importance dans le
maintien de la diversité fonctionnelle des popoladi et de sa relation avec les facteurs
environnementaux et biotiques (Svanback & BolnRBO7; Araujoet al, 2011; Bolnicket

al., 2011; Dallet al, 2012). A une echelle spatio-temporelle plus latgedifférenciation
intraspécifique de la niche peut avoir des consgécpee déléteres sur la coexistence entre
taxons (Haret al, 2016).

La variabilité intraspécifique trophique peut étensidérée a l'aide d’une estimation du
régime alimentaire (analyses isotopiques, contestosacaux...), ou de l'étude des traits
biologiques d’'une population. Les différences motpbiques entre individus peuvent
refléter I'efficacité de capture de certaines rasses. Ce phénomeéne de « polymorphisme de
ressources » (Smith & Skulason, 1996) est largerasscié a des divergences d’utilisation
d’habitats, liées a une ségregation spatiale pdw@rduire a une spécialisation individuelle.
Ce phénomene a été mis en évidence en milieu tecdans lequel certaines espéces de
poissons se répartissent le long d’'un gradientgiplie-littoral (Malmquist, 1992; Harroet

al., 2010; Matthewset al, 2010). Les individus se nourrissant en zone &g ont
généralement un corps allongé permettant une nageapide corrélée a la capture de proies
plus mobiles. En zone littorale, la forme du codes consommateurs est plus « trapue »,
facilitant la manoeuvrabilité en habitat plus coexg (Smith & Skulason, 1996).

Les corrélations entre morphologie et régime alitaiea requierent une certaine stabilité
temporelle de I'habitat et des ressources (Boleickl, 2003) comme en milieu lacustre, ce
qui n'est pas le cas des milieux d’eau vive tropngeants au cours du temps. Il est alors
communément accepté d’utiliser une estimation della I'aide d’'une approche centrée sur
les ressources alimentaires ingérées ou assiniAéasjo et al, 2007; Rosenblatt al, 2015;
Bondet al, 2016).

Bolnick et al. (2002) ont proposé une approche originale de reederla spécialisation
alimentaire individuelle inspirée de la méthode sgmentation des niches proposée par
Roughgarden (1972). La largeur totale de la nicbehique de la population (TNW ou Total
Niche Width) qui équivaut a la diversité des ressesl consommeées par la population peut
étre divisée en deux parties (Figure 12): la vamades ressources utilisées par chaque
individu (WIC ou Within-Individual Component) et lariance entre les différents individus
(BIC ou Between-Individual Component). Le ratio renyentre la diversité des ressources
utilisées par chaque individu (WIC) et la nichelal@opulation (TNW) mesure le degré de Sl
au sein de la population. Une valeur proche de m@mue que tous les individus de la
population consomment plus ou moins les mémes uess® (Figure 12.A). En revanche, une
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valeur proche de 1 signifie que la spécialisatiimentaire est trés élevée entre les différents
individus qui composent la population (Figure 12.B)

Resource use frequency

Niche axis

Figure 12 : présentation schématique de deux popagaconsommant les mémes ressources mais
réparties difféerement entre les individus. La ceunbire correspond a la niche totale de la pomuriati
(TNW). Les courbes grises représentent la largeutadniche alimentaire des différents individus
composant la population (WIC). Le BIC estime laiaace moyenne des ressources utilisées entre les
différents individus. Pour une population génétali§d), les différents individus consomment les
mémes ressources. En revanche si la SI augmentie¢Bhdividus de la population consomment des
ressources différentes de leur voisin. Bolrethl., 2003.
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Problematique de la these

1. Objectifs

L’objectif principal de cette these de doctorat @stvaluer I'influence de la diminution des
ressources planctoniques et du degré d’anthropishtidromorphologique de la Meuse sur le
fonctionnement des communautés de macroinverté&brds poissons de différents biefs de la
riviere.

Dans une premiere partie, reposant essentielleswgntine collection de bases de données
biologiques, nous étudions I'évolution temporelke lthbondance du phytoplancton sur un
long linéaire de la Meuse belge et francaise, aipg I'influence de la diminution des
ressources planctoniques sur le fonctionnementdesnunautés de macroinvertébrés et de
poissons. Nous émettons également I'hypothése tweldtion temporelle des autres
parametres physico-chimiques n'impacte pas sigtifiement les traits d’histoire de vie des
individus constituant les communautés.

Dans une seconde partie, en combinant les donriéebadtillonnages historiques et les
inventaires biologiques récents, nous enquétondesuconsequences de la diminution des
ressources planctoniques sur la niche fonctionnd#l®e communautés de poissons et de
macroinvertébrés en fonction des caractéristiqed$dbitat. Nous émettons I'’hypothese que
les biefs aménagés pour la navigation fluvialeewifrune plus faible diversité de ressources
basales que les biefs impropres a la batellerigisadt la niche trophique des communautés.

Dans la troisiéme partie, basée sur une approdiiéecsur les jeunes poissons de lI'année,
nous émettons I'hypothése qu’en cas de faible diglté des ressources planctoniques, la
compétition trophigue intra et inter-stade(s) develldppement ontogénique des jeunes
poissons est plus importante dans les biefs aménamé la navigation.

2. Choix du site étudié : la Meuse, un fleuve hétéraot
a. Description générale

La Meuse est un fleuve du nord-ouest de I'Europiguie 13) qui, malgré un linéaire
relativement court de 925 km, traverse 3 pays epgsséde un bassin versant de 36 011 kmz
(Descyet al dans Tockneet al, 2009). Le bassin mosan est densément peuplédgan?i
millions d’habitants en 2009) et les activités agies et industrielles y jouent encore un réle
important, méme si les pollutions industrielles tortement diminué au cours des derniéres
décennies. Par contre, I'eutrophisation de la mév&st toujours bien présente. La pollution par
des matieres organiques biodégradables tend a wkmitepuis les années 1990, suite a la
mise en place systématique de stations d’épurat@m eaux usées. Toutefois, la qualité
physico-chimique de I'eau et des sédiments estrerfootement impactée dans certains biefs
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de la Meuse, notamment en aval de la confluenae éntMeuse et la Sambre (Commission
internationale de la Meuse, 2011, 2015).

N

A North Sea The Netherlands

’
1

... Germany

Belgium

Namur

Hastiére

Ham-sur-Meuse

France Hais
uxembourg

Sassey-sur-Meuse

Saint-Mihiel

Figure 13 : Cartographie de la Meuse et des praupisites d’échantillonnage utilisés lors de
cette étude.

Pendant les années 1980 et 1990, les concentraéitev@es en matiéres azotées et
phosphorées ont favorisé la croissance du phytofan Descyet al (1994) ont constaté
gu’en période estivale la concentration en chloytipfa dans la Meuse pouvait excéder 100
ug/L et que la communauté planctonique jouait lem e8sentiel dans la production de matiére
carbonée dans I'écosysteme (Destyal, 2002). Cependant au cours des années 2000,
I'abondance du phytoplancton a diminué a tel pgut les concentrations de chlorophylle-a
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Figure 14 : Modélisation de I'évolution moyenne aelle de la concentration en chlorophylle-a
constatée sur 6 sites de la Meuse entre Saint-Mihigijsden depuis 1971.

Cette diminution du phytoplancton a également irtgpé&s communautés de zooplancton de
la Meuse. Dans les années 90, pendant toute ladeéastivale, les densités moyennes de
zooplancton constatées étaient généralement caespeistre 300 et 500 individus' lavec
des pics de densités proches des 4000 indViroux, 2002). Vingt ans plus tard, les densités
mesurées en Meuse belge sont cent fois moindrésuefplage de distribution pendant la
période de production est beaucoup plus réduitéte GBcroissance est particulierement
importante pour les rotiféres, bien que ce groageriomique ait été le plus représenté dans
les années 90, les densités maximales post-20%8dset plus les 100 ind 'L (Figure 15).
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Figure 15 : Comparaison inter-annuelle de I'évolutiles biomasses de rotiféres a La Plante au cours
de 3 périodes distinctes (1993-1996, 1997-20010-2W1 2). Source des données : Viroux L.

Bien que les concentrations en matiéres azotéphadphorées aient diminué pendant les
anneées 90 suite au retraitement des eaux useestilumes, ces nutriments restent en quantité
suffisante pour ne pas limiter le développemenpllytoplancton de la Meuse (Deselyal.
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2009). Pigneuet al. (2014) ont démontré que la réduction des biomadsgslancton était
principalement due a I'apparition d’'un mollusqué&diur invasif, la corbiculeCorbicula sp).
Depuis son introduction en Meuse au cours des ar®ece mollusque benthique a colonisé
plus de 600 km de linéaire de la Meuse avec desitdemmaximales observées en Wallonie
de plus de 700 ind. ™(données personnelles). Deux autres espéces desmals invasifs
sont également bien représentées en Meuse, la méhtée Dreissena polymorphaet la
moule quaggalfreissena rostriformis bugen$jcette derniére étant arrivée plus tardivement
dans I'écosystéme Meuse. Lors du chbmage technigu®012, nous avons réalisé un
inventaire des mollusques présents en Meuse awemathodologie similaire a celle réalisée
par Libois et Hallet-Libois en 1983 (Tableau Bn 29 ans, les densités de mollusques
filtreurs ont été multipliées par plus de 100 anee proportion de taxons invasifs de 99,7%.

Tableau 5 : Comparaison des densités de molluggoesbre d’'individus par métre carré) en Meuse
entre Namur et Hastiére constatées lors des ch@mageniques de 1983 et 2012. Source des données
de 1983 Libois & Hallet-Libois, 1987

1983 2012
Anodontasp. 4,4 1,6
Unio sp. 1,2 0,2
Dreissena polymorpha Présence occasionnelle 373,2
Dreissena rostriformis bugensis / 18,0
Corbiculasp. / 301,7
Densité totale des mollusques 5,6 694,7

L’influence des mollusques filtreurs a été mod@ipar Pigneuet al. (2014). Il a été estimeé
gue les corbicules consommaient, par filtratior®o#e la biomasse de phytoplancton et 75%
de la biomasse de zooplancton. De plus, I'augmentate la respiration des organismes
benthiques et la diminution d’'organismes planctoagphotosynthétiques pouvait réduire les
concentrations d’oxygene dissous, notamment penldapgriode estivale avec des pertes
maximales estimées par modélisation & plus 2" gk productivité de I'écosystéme Meuse
peut également étre modifiée via la redirection mEssources organiques carbonées de la
colonne d’eau vers le benthos.

Les modifications anthropiques de la Meuse ne pastlimitées uniquement a la physico-
chimie: au cours du XX siecle, de nombreux aménagements hydrauliquegténtnenés

afin de limiter les risques de crues et de permédtnavigation (Figure 16). Ce n’est toutefois
gue lors de la seconde moitié de cette périodelajymrtie belge de la Meuse a subi les
aménagements les plus importants. Afin de permédtrerculation de péniches de grand
tonnage (1350 — 2000 tonnes) depuis le port d’As\vér lit mineur de la Meuse a été
approfondi et de nombreux barrages automatiséswidg jour. En plus d’homogénéiser les
habitats du lit mineur, I'approfondissement de ilaere a également diminué le potentiel
d’accueil des plantes aquatiques. Les berges oalerdgnt été stabilisées a l'aide de
techniques d’aménagement telles que des murs kEorerticaux, des enrochements, etc.,
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réduisant la végétation littorale et la ripisyludimitant les échanges du lit mineur vers le lit

majeur. En France, en revanche, en amont d’'HanMsuse, la Meuse a conservé des
caractéristiques hydromorphologiques diversifié@sMeuse y est non navigeable et seules
les péniches de faible tonnage (300 tonnes) pewaadder au canal de I'Est via un canal de
dérivation (canal Freycinet).

XIXéme 1926 1974 1980 2000 2010

Meuse
(amont Givet)

Barrage a vannes / écluses (1350t)
Renforcement des berges
Dragage du lit mineur

Meuse
(Givet = Namur)

Barrage a vannes /
écluses (2000t)
Renforcement des berges

Meuse
(Namur > Liége)

Figure 16 : Evolution des aménagements liés amsparts fluviaux de la Meuse belge et francaise

L’essentiel du trafic fluvial de marchandise trétespar la Meuse entre Liege et Namur, le
linéaire de la Meuse situé en amont de Namur dstivement peu employé et représentait
2,6% du trafic circulant en 1986 (Figure 17).
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Figure 17 : Ligne du trafic de transit sur la Meesel986 (100% = 139835 tonnes de marchandises).
(Micha & Pilette, 1988)

Notre étude (Tableau 6 et Figure 13) considetméaire de la Meuse allant de Saint-Mihiel
(Pka=172, France) a Liege (Pka=599, Belgique).

Tableau 6 : Bréve description morphologique defg@idihts biefs étudiés.

Superficie du bassin Largeur du lit Débit moyen
. P.k.a. . Altitude Pente
Site (km) versant mineur (moyensne_lannuelle +-5m (/1000)
(km2) (m) m'.s")
Han/Meuse 172 2544 35 31 217 0.13
Saint-Mihiel 175 2548 35 31 215 0.12
Sassey/Meuse 283 3683 35 45 171 0.08
Inor 305 3899 40 48 163 0.06
Ham / Meuse 469 10110 100 148 105 0.13
Hastiere 489 10584 120 152 95 0.25
Tailfer 522 12560 95 171 82 0.17
Liége 599 20323 140 263 57 0.26
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Au cours de cette étude, nous nous pencherongppesement sur deux stations, Ham-sur-
Meuse et Hastiére (Waulsort) qui, bien que distad&® moins de 20 km, sont trés distinctes
en termes de gestion hydromorphologique.

b. Description de la station d’'Ham-sur-Meuse

Le secteur étudié de la station d’Ham-sur-Meuséoestisé en amont de la centrale nucléaire
de Chooz entre [llslon Judas et Ille du Paradiggufe 18). Ce troncon distant
d’approximativement 469 km de la source mesure 1BQfke long et est situé en zone non-
navigable. Ce secteur de la Meuse a conservé fearlde ses fonctionnalités écologiques du
fait de sa végétation littorale et riparienne biveloppée, de sa connection au lit majeur
autorisant la présence d’annexes hydrauliques (bmasts...) et surtout de la faible
profondeur de son lit mineur facilitant I'implantat de végétataux aquatiques (Figures 19 et
20).

Figure 18 : Vues générales de la Meuse a Ham-suistldepuis I'amont (haut) et I'aval (bas) du pont
(50°06'53.2"N, 4°47'05.6"E)
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Figure 19 : Visualisations de différents habitatsspnts au niveau de la station d’'Ham-sur-Meuse
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Figure 20 : Cartographie du lit mineur de la Medsélam-sur-Meuse lors du chémage
technique d’octobre 2012 (d’apres Otjacques dt.|.2012).

En 2014 la station d’'Ham-sur-Meuse a été qualifié® « bon » état écologique (voire « trés
bon » pour les macrophytes) et d'un «bon » étaysipb-chimiqgue en dehors des
concentrations de certaines molécules chimiquesnmmnie Mercure, qui déclassent I'état
chimique du site en « mauvais ». Les pressions masaestent faibles sur ce secteur de
riviere ou les milieux forestiers et semi-natunedprésentent plus de 87,7% du recouvrement

43



du bassin versant selon I'Agence de I'Eau Rhin-Melie débit de la Meuse est Iégerement
influencé par a un barrage a aiguilles (figure 21).

Figure 21 : Vue du barrage a aiguilles d’'Ham suusée(source http://www.bameo.Jr

c. Description de la station d’Hastiere-Waulsort

Le secteur étudié de la station d’Hastiere-Waulesttlocalisé entre le barrage d’Hermeton-
sur-Meuse et le pont d’'Hastiéere (figure 22). Ce¢an distant d’approximativement 489 km
de la source mesure 2000 m de long et a été aneradigéde permettre la navigation de
péniches de 1350 tonnes. La ripisylve y est peeldgpée et le canal principal relativement
profond, car dragué, représente la grande majdutét mineur (c.f. I'habitat indéterminé de
la figure 23). Seuls les bras annexes, prochedakeont conservé une profondeur plus faible
et un substrat diversifié permettant le développgnde la végétation aquatique (figure 24).
Selon la Commission Internationale de la Meusguklité physico-chimique est relativement
comparable entre la station d’Ham-sur-Meuse et sfidee en dehors des concentrations de
matiéres organiques plus importantes en Belgiquenf@ission internationale de la Meuse,
2011).
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Figure 22 : Vues générales de la Meuse a Hastienalabrt depuis 'amont (haut) et I'aval (bas) du
pont d’Hastiére (50°12'56.8"N 4°49'37.0"E)
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Figure 23 : Cartographie du lit mineur de la Measelastiere-Waulsort lors du chémage
technique d’octobre 2012 (d’aprées Otjacques dt.|.2019.
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Figure 24 : Visualisations de différents habitatsspnts sur la station d’Hastiére-Waulsort, auanive
de I'lle (haut) et du chenal principal (bas).

Le niveau d’eau du bief est controlé par deux lg@saautomatisés en amont d’Hastiére et a
Waulsort (figure 25). Ces ouvrages sont équipgsagses a poisson.

Figure 25 : Vue du barrage et de I'entrée de I'seld’'Hastiére (50°12'13.2"N 4°49'09.3"E)
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Chapitre 1

Long-term trends in trait structure of riverine com munities
facing predation risk increase and trophic resourcealecline
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Avant-propos

Dans le chapitre ®lde cette thése, nous décrivons les grandes terslane@onnementales
qui ont eu lieu entre 1985 et 2011 sur un longdireede la Meuse (427 km) entre Saint-
Mihiel (Fr) et Visé (Be). L'idée sous-jacente est dester l'influence des variations
environnementales sur le fonctionnement des comutésade macroinvertébrés et de
poissons en réduisant les biais liés a la difféxade morphologie/typologie des sites étudiés.
L’effet des variables évoluant significativement @urs du temps comme I'abondance du
phytoplancton ainsi que le risque de prédationitd’'ddjet d’'une attention particuliére.

Ce chapitre repose sur une collection de basesodeéds belgo-francaise adaptée par
lauteur. La base de données « physico-chimiquespodible a 'UNamur-URBE (réalisée
par Viroux L. et Descy J.P.) a été mise a jour @mnbgénéisée. Les bases de données
biologiques ont été collectées et mises en formdepaoctorant. L'analyse des données a été
exécutéee intégralement par l'auteur a l'aide duciegR. Les résultats de ce chapitre ont été
publies dans la revue Ecological Applications. €epublication est le fruit d'une
collaboration entre les différents auteurs citédessous, chapotée par le premier auteur.

Latli A., Descy J. P., Mondy C. P., Floury M., Vino L., Otjacques W., Marescaux J.,
Depiereux E., Ovidio M., Usseglio-Polatera P., iasdnt, P., (2017a). Long-term trends in
trait structure of riverine communities facing pmédn risk increase and trophic resource
decline.Ecological Applications27, 2458-2474
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Long-term trends in trait structure of riverine com munities
facing predation risk increase and trophic resourcelecline

Abstract

Many large European rivers have undergone mulfypéssures that have strongly impaired
ecosystem functioning at different spatial and terapscales. Global warming and other
environmental changes have favored the successva$ive species, deeply modifying the
structure of aquatic communities in large riversm® exogenous species could alter trophic
interactions within assemblages by increasing tteeladion risk for potential prey species
(top-down effect) and limiting the dynamics of athesia resource availability limitation
(bottom-up effect). Furthermore, large transboupdarers are complex aquatic ecosystems
that have often been poorly investigated so tht fita assessing long-term ecological trends
are missing. In this study, we propose an origia@proach for investigating long-term
combined effects of global warming, trophic reseudecrease, predation risk, and water
guality variations on the trait-based structurenaicroinvertebrate and fish assemblages over
26 yr (1985 — 2011) and 427 km stretch of the rMeuse (France and Belgium). The study
of temporal variations in biological, physiologicahd ecological traits of macroinvertebrate
and fish allowed identifying community trends andtidguishing impacts of environmental
perturbations from those induced by biologicalraliens. We provide evidence, for this large
European river, of an increase in water temperafalese to 1 ° C) and a decrease in
phytoplankton biomass (-85%), as well as indepenédiects of these changes on both
invertebrate and fish communities. The reductiotr@bhic resources in the water column by
invasive molluscs has dramatically affected thesdgnof omnivorous fish in favor of
invertebrate feeders, while scrapers became thernfiegding guild among invertebrates.
Macroinvertebrate and fish communities have shiftedh large-sized organisms with low
fecundity to prolific, small-sized organisms, wiglarly maturity, as a response to increased
predation pressure.
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Introduction

Freshwater ecosystems which are considered asdbevulnerable ecosystems in the world
(Malmgvist & Rundle, 2002) have been heavily impdcby human activities, resulting in

water pollution, altered water flow and connectiyihabitat loss, fish stock overexploitation
and exotic species introduction (Dudgesral. 2006; Heincet al. 2009; Strayer 2010). Large

river basins from Western Europe have been espedialpaired by these interacting

pressures whose individual effects are hardlymiystishable (Flourgt al, 2012).

Global warming and biological invasions are consdeas synergetic drivers affecting
biodiversity (Brooket al, 2008; Waltheet al, 2009). Over the last decades, global warming
has induced both gradual water temperature incraadehydrological alteration in rivers
(Durance & Ormerod, 2009; Walther, 2010; Floetyal, 2013). Moreover, climate change
favours the establishment of exogenous specieshwdoald present an ecological risk by
affecting community structure and ecosystem fumgti(Strayeet al. 2008; Gidcet al.2010),
particularly in a perturbed ecosystems (Dextragdaadrak, 2006).

Emergence of new species may control aquatic contyncomposition and induce a shift in
the food web structure, both through predation-@toprn control) and/or resource reduction
(bottom-up control; Cucherousset & Olden, 2011).il¢/tvophic interactions have been well
studied, especially in lakes, their role is stidbdted in the field of community ecology
(Matson & Hunter, 1992). Trophic interactions camttol community structure through both
direct and indirect mechanisms (Batzer, 1998), @ajye following the introduction of exotic
predator species (Geray al, 2015). Examples of predation impact on aquatdfavebs and
ecosystem function are those of the cormor®&alacrocorax aurituy which has been a
major factor in the decline of the yellow perére(ca flavescensn Oneida Lake (Rudstast

al., 2004) or the introduction of the smallmouth b#k8cropterus dolomieu in North
American lakes, with several effects on diversibd acommunity structure of littoral and
pelagic fish (Zanden & Casselman, 1999). Introdurctdof predators can induce cascading
effects by the consumption of preys which contltae biomass of primary producers
(Schmitz et al., 2010). For example, in an intet@nit stream Rodriguez-Lozano and
colleagues (2016) found that the presence of Barbesdionalis, an invertebrate feeder,
reduced the rate of leaf degradation by decreasiagroinvertebrate abundance. Another
example is that of the Nile perchates niloticu$ introduction in Lake Victoria, which caused
the extinction of numerous species of endemic kerbus haplochromines (Li & Moyle,
1981) and contributed to the degradation of the'fakcological status. The strength of these
effects differ among species, ecosystems, timeescéEsteset al, 2011) and is often
proportional to the degree of disturbance, the derity and the stability of the ecosystem
(Gozlanet al, 2010).

In case of proliferation, engineer species cantidadly modify the whole ecosystem structure
in a short period of time and could induce resoussiictions by entirely restructuring the
food web (Vander Zanden & Casselman 1999). Resolurg&ation increases the trophic
competition, alters the abundance and interacti@mgths in the community and could force
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a diet shift of the resident species particulady $pecies occupying the same trophic level
(Thomsenet al, 2014; Davidet al, 2017). In the American Great Lakes and rivers, th
invasive zebra musseD(eissena polymorphahave in only a few years affected native
bivalve populations (Lercari & Bergamino 2011), kalso most of the other biota, from
sediment bacteria (Frischet al. 2000) to piscivorous fish (Daniekst al. 2005; Ward &
Ricciardi 2007; Higginet al 2011).

In order to highlight environmental changes, ambgenic disturbances and trophic
interactions, an approach based on trait assensltghe community scale is more efficient
than traditional taxonomic methods (Hughes, 200®)trait-based approach can provide an
integrative signal of environmental impairment (Mgn& Usseglio-Polatera 2013), and
allows reducing variation across ecoregions (Rareil, 2006). Furthermore, prey-predator
interactions should be easily highlighted by t@ssemblage approaches because predation
selection depends more on morphological or behaaiocharacteristics than on species
identity (Green & C6té, 2014).

This study proposes an original approach for siediby testing long-term trends in the trait
structure of invertebrate and fish communities large, multi-stressed river, with the aim of
determining which variables influence communitidsttee local scale. The River Meuse
provides a framework for exploring how communityanges occurred over time, because,
like many other European rivers, it has been stdjeto various anthropogenic pressures : (i)
climate change and power plant thermal effluentciiisge have contributed to water
temperature increase; (ii) river hydraulic manageinhmas strongly modified a large part of its
course; (ii) substantial water quality changesehaecurred over time from both gradual
decline in industrial and urban contamination amctéased agricultural nutrient inputs, and
(iv) alien species have proliferated. In the Ri\Meuse, exotic macroinvertebrates can
nowadays represent a major fraction of the bertbromunity (Usseglio-Polatera & Beisel
2002). Among the most problematic non-indigenous: tare filter-feeding molluscs such as
the zebra mussel, the Asian cl&@orbicula spp (Marescaut al. 2010) and, more recently,
the quagga musséreissena rostriformigMarescauxet al. 2012). The current maximum
densities ofCorbicula spp. and invasive mussels in the Meuse River espectively 900
ind.m2 and 1200 ind.i on natural substrates and may exceed 40000 thadmartificial
substrates (Pignewt al. 2014; Marescaurt al. 2015). Exotic filter-feeder proliferation has
considerably reduced phytoplankton production dadkion biomass in the river (Pigneetr
al. 2014) and may have been the major cause for theesélecline of native fish (Otjacques
et al. 2015, 2016). Furthermore, since the beginninghef 1990s, the Great Cormorant
(Phalacrocorax carbphas been recorded throughout the year in the MBier (Paquett

al. 2003). The population increased in France from@jA0L970 to 100,000 birds in January
2007 (Collas and Burgul 2011). The Meuse River played a role of refuge, especially
during severe winters, increasing the pressuréisfpiscivorous bird on fish communities
(Paquet 2011).

52



This study exploits data from the environmental itaymg of eight sites, covering 26 years
and 427 km of the River Meuse course, with a fooas macroinvertebrate and fish

communities. Using a set of multivariate and regjms partitioning techniques, we examined
the relationships between trait-based functionanges, environmental trends and trophic
alterations, with the objective of testing threpdiheses:

* Hypothesis 1: Environmental alterations, includthg reduction of trophic resource
availability partially induced by exotic macrointeorates, impacted the invertebrate
community more than the fish assemblage;

* Hypothesis 2: The dramatic reduction of planktomsources induced a shift in the
consumer communities, from water column feedetsottom feeders;

» Hypothesis 3: Predation risk increase has charngetddth macroinvertebrate and fish
assemblages by promoting fast growing prey spewitssmultiple spawnings per year
and early maturity, at the expense of large speuatslow reproduction rate.

Material and Methods
Study area

The Meuse River rises on the Langres plateau inhNBastern France (Fig. 1), flows through
densely populated areas in Belgium and the Nethdsleand empties into the North Sea, after
joining the Lower Rhine. The total length of theer is close to 925 Km for a catchment area
of 36,011 km2. The main characteristics of the rribasin and of the river itself were
summarised in Desat al. (see in Tockneet al. 2009) and Pignewet al. (2014).

During the last 150 years, the river bed was hgavdnsformed for navigation and flood
control mainly along the Belgian section. Sixteamd are located along the Belgian sector,
six of them being equipped with hydropower fa@iti River channelization has profoundly
affected depth and current velocity, so that ttsh ftommunity dominated by rheophilic
cyprinids (“barbel zone” according to Huet 1949)ned into a community dominated by
limnophilic cyprinids (“bream zone”; Des@t al.in Tockneret al, 2009).

By contrast, in France, the navigation has taketeplin canals parallel to the main river
channel, leaving the river bed unchanged, harbgumiore natural and diversified habitats
than in the Belgian sector.

The River Meuse supplies two nuclear power plaht€hoz and Tihange. Water quality,
decreased along the river course and was signifjcdagraded downstream of Namur (Fig.
1) by urban and industrial pollution (Desey al in Tockneret al, 2009) despite of recent

improvements related to water treatment and reigulaitf the use of fertilisers, herbicides and
pesticides in the catchment.
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Figure 1: Localization of the River Meuse basin #melsampling sites

Data acquisition

The study was carried out on five homogenous reafhab. 1) located in the French (Han-
sur-Meuse, Saint-Mihiel, Sassey-sur-Meuse, Inonmidar-Meuse) and Belgian (Hastiere,
Tailfer and Liege) sampling sites of the Meuse Rive
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Table 1: Physical description of the sampling sieg availability of data (X = data available)

Water Data availablility
Km Catchment Channel discharge Altitud Slope
; : titude
Site from (km2) Width (annual +-5m (/1000) Physico-  Macro- . Great
source (m) av3e rige chemical invertebrate cormorant
m-.s")
Han / Meuse 172 2544 35 31 217 0.13 X
Saint-Mihiel 175 2548 35 31 215 0.12 X X
Sassey /
283 3683 35 45 171 0.08 X X X
Meuse
Inor 305 3899 40 48 163 0.06 X
Ham /
469 10110 100 148 105 0.13 X X
Meuse
Hastiére 489 10584 120 152 95 0.25 X X
Tailfer 522 12560 95 171 82 0.17 X X X
Liege 599 20323 140 263 57 0.26 X X X X

Physical and chemical survey

Physical and chemical data were obtained from pubétitutions: AERM (Agence de 'Eau
Rhin-Meuse) and SPW (Service Public de Wallonie)Fance and Belgium respectively.
We added data from additional sources, (WACONDAWAter CONtrol DAta system for
Hydrology and water management”, ISSEP: “InstitutieStifique de SErvice Public”,
DEMNA: “Département de I'Etude du Milieu Naturel &gricole”, Aquapole). We kept only
environmental data series with at least 24 measemenper year to reduce monitoring survey
heterogeneity. Five sites, along 424 km of therrigeurse (Saint-Mihiel, Inor, Ham-sur
Meuse, Tailfer and Liege; Fig. 1 and Tab. 1), wemected because they had been
homogeneously monitored for the longest periodimiet(1987-2011). Dissolved oxygen
([0z]), water temperature (T), suspended matter ([SMilrate ([NQ1), ammonium
(INH4™]), dissolved reactive phosphorus ([B7), chlorophyll-a ([Chla]) and water discharge
(Q) were measured at these sites by specializeddtdyies with reproductive methodologies.
For each site and each parameter, annual averagesswaere calculated.

Macroinvertebrate survey

Benthic macroinvertebrates were sampled in summebagsey-sur-Meuse, Hastiére and
Liege from 1998 to 2010 (Tab. 1). At Sassey-sur-8&eFrance) the IBGN (“Indice
Biologique Global Normalisé”; NF T90-350, 2004) fwcol, or the equivalent A\,
“MultiMetric Invertebrate Index”; Mondyet al. 2012), were used. Eight samples were
collected each year with a Surber net sampler (reizgh 500 pm; sampled area: 0.0 on
diversified habitats. In Hastiere and Liege (Behg)ua protocol adapted for deep rivers and
derived from the IBGA (“Global Biological Index Adeed to large freshwater rivers”, Gay
Environnement & Agence de I'Eau Rhone-MéditerraGéese 1997) was used (Usseglio-
Polatera & Beisel 2002). In these two sites, dugagh sampling campaign, “stones near the
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banks”, “aquatic vegetation” and “littoral subsesit were sampled with a hand net (500 pm
mesh); the deeper part of the main channel waslsdnmom a boat using a triangular dredge
and three artificial substrates were deployed foe ononth. Taxon abundances (x) were
determined and identification levels were harmaiae the family level. Taxa abundances
were log(x+1) transformed to normalize the disttitns and rare taxa (i.e. with occurrerce
5% of the sampling events) were not included inda base to avoid overestimation of rare
species or “accidental” captures.

Fish survey

The fish data set gathered information from fiviesiduring 25 years (Tab. 1). In France,
electrofishing from a boat along the banks was usespring, to sample fish assemblages
over the 1985-2010 period at Han-sur-Meuse, Sasseieuse and Ham-sur-Meuse. In
Belgium, data were provided by the survey of figlsgages in fish ladders at Tailfer and
Lixhe (downstream Liege) over the 1989-2011 pefiddtondo & Ovidio 2016). Fish were
collected daily in a trap placed in the upper poblthe ladder when the migration peaks
occurred, and twice a week outside the major mamnaperiod. All the fish species were
identified and species abundances were estimatdébuwtitaking into account the juveniles
and the youngs-of-the-year. Annual fish abundamnweese expressed as monthly averages.
Only species exhibiting an occurrence rate of astlé&% over the study period were taken
into account. The whole data set was log(x+1l) fansed to normalize abundance
distributions.

Great Cormorant survey

The Great Cormorant survey was carried out in &ssdf the studied river sector - Saint
Mihiel, Sassey-sur-Meuse, Hastiére, Tailfer andgkie- from 1997 to 2011. The ONEMA
(Office National de I'Eau et des Milieux Aquatiqydsr the French sites and Aves-Natagora
for the Belgian sites monitored the winter abuné@ant the Great Cormorant populations
following the methodology developed by Marion (26R3Birds were counted when arriving
at their night roosting sites at the same dateyewemth from November to February. In this
study, we focused on data collected in January,nwh@pulations were well-established
(Collas and Burgun 2010).

Data analysis

Trends in environmental responses

Trends in variation of abiotic parameters were arach over the 1987-2011 period using
Generalized Additive Models (GAM; Fewstetral. 2000). Each physical or chemical variable
was standardised by site. Temporal trends in abpdrameters were modelled as a smooth
nonlinear function of time. Autocorrelation errorasv reduced by adding a residual
autocorrelation structure, optimized by minimizingpe AIC criterion over several
combinations of autoregressive parameters (2tiat. 2009).
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Preliminary trait-based analyses

Before analysing (i) the temporal trends in lifstbry traits of macroinvertebrates and fish
and (ii) the potential influence of environmentakgmeters on such trends, we performed an
exploratory analysis. Congruent life-history traitsre selected from published European data
bases for fish (adapted from Blanekal, 2007) and macroinvertebrates (Tacttedl 2010).

We focused on 9 biological and 10 ecological tréas defined by Tachedt al. 2010) for
benthic macroinvertebrates (Appendix 1: Tables S328. and on 11 life-history traits for fish
(Appendix 2). Each trait was resolved in differeategories (Appendices 1 & 2). Each taxon
was coded according to its affinity to each catggdra trait using fuzzy coding (Cheveradt

al. 1994). The resulting relative affinity scores loé taxa were multiplied by their log(x+1)-
transformed abundances at a given date (i.e. watlgiven invertebrate — or fish - assemblage
sample). The weighted affinity scores of the catiegoof each trait were finally divided by
their sum, providing the mean (relative) trait pleobf the assemblage at a given date (see e.qg.
Archaimbaultet al, 2010 for further details). To illustrate tempochbnges in the trait-based
structure of invertebrate and fish communities, ZyuLorrespondence Analysis (FCA,
Chevenett al. 1994) was applied to the array gathering the paofiles of all the sampled
assemblages over the study period.

Defining groups of trait categories with homogengeoesponses over the study period.

We first searched to assemble trait categoriesbéxig similar responses over time and
similar correlation levels with abiotic variable8etween-dates Principal Component
Analyses (bPCA, Dolédec & Chessel 1987), which mise the distance between the
“sampling years” along the successive bPCA axestifideset al. 2011), were applied to (i)
the “abiotic” and (ii) the “biotic” (i.e. trait pifdes of assemblages within sites) data tables
centred by site over the study period. Centringda “by site” allows reducing a potential
typological or methodological “between-sites” bid$ien, the “abiotic” and “biotic” bPCAs
were combined with a co-inertia analysis (Col) xplere complex and potentially redundant
relationships involving environmental and faunahitbased) parameters. The correlation
between the two studied tables was evaluated WetlRl coefficient, a multivariate analogue
of the coefficient of determination (Dolédec & Chels1994).

We then defined homogeneous groups of trait caiegoising a hierarchical cluster analysis,
applying the Ward’s linkage algorithm(Ward, 1963) the Euclidean distance matrix
calculated using the coordinates of trait categosieng the two first factorial axes of the Col
(Dray et al.2003).

Trends and responses in trait category group axdénamic diversity

Trends in relative frequency of cumulative traiteggry group utilization over time in both
invertebrate and fish assemblages were tested @#&M (see 8Trends in environmental
responsesafter standardisation of data by site.

A Hierarchical variation Partitioning (HP) approaeshs applied to identify the physical and
chemical predictors which were best correlated it category groups. This method, based
on a multiple regression, determines the goodnefsal the models corresponding to all the
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possible combinations of the independent variablésen, the procedure evaluates the
independent and joint effects of each explanatamable on the response parameter using a
partitioning algorithm (Chevan & Sutherland 199This method avoids (i) the multi-
collinearity dilemma of the multiple regression eggech, (i) model specificity and (iii) over-
fitting modelling (Mac Nally 2000). Statistical sificance was assessed with a
randomization approach (Mac Nally 2002).

GAM and HP were also used for examining respectiypl long-term temporal trends in
abundance, taxonomic richness and Shannon-Wierax iiShannon 1948) and (ii) the
influence of physical and chemical parameters esdhmetrics.

Trait category trends following predation risk ie@se in a multi-stressed environment
Finally, the effects of “bottom-up” and “top-downbdntrols on feeding habit and reproductive
strategy trends in macroinvertebrate and fish conmnes were modelled. We related the
proportions of scrapers, deposit feeders and preslatithin the invertebrate assemblage and
the proportions of omnivorous and invertebrate éesdwithin the fish assemblage, to
potential shifts in predation pressure and/or tropésource availability. Similarly, we related
to the same potential shifts, the proportions oélsisized (maximal potential size0.5 cm)
vs. large-sized ¥ 4cm), short-lived (life cycle duration < 1¥rvs. long-lived & 1 yrb),
thermophilic (T> 15°C)vs. psychrophylic (T < 15°C) invertebrates, and thepprtions of
small/medium-sized (adult body lengti20 cm)vs.large-sized (> 20 cm) fish, with lowt (L
yr'Y) vs.high (> 1 y#) annual number of spawning events and eatlg gr) vs. late (> 2 yr)
maturity. Chlorophyll a concentration was selecésdmarker of primary trophic resources.
The abundances of invertebrate-feeding fish andtGrarmorant were selected as indicators
of predation pressure for macroinvertebrates asl, fiespectively. We included (T) and
[POs*] in the models, for taking into account globalrméng and pollution by domestic
waste waters, respectively. In order to simplifg thodel we did not include environmental
variables which did not vary significantly over g#niTab. 2).

Analyses were carried out in the R-software (R2Z3\ersion, R Development Core Team,
2010) using the packages “ade4” (Dray & Dufour 20fdf multivariate analyses, “mgcv”
(Wood 2001) for trend analyses and *“hier.part” (8¥akt al. 2003) for hierarchical
partitioning. The statistical methodology is sumized in appendix 3.

Results

Trends in environmental responses

According to the GAM, [Chla] (R= 0.63,P < 0.001), [SM] (R = 0.08,P = 0.049), [NH']
(R*=0.17,P = 0.001) and [P}] (R* = 0.59,P < 0.001) decreased significantly in the Meuse
river over the 1987-2011 period, whereas water tgatpre increased significantly (R2 =
0.23, P < 0.001) (Tab. 2). Discharge, dissolved oxygen aitdate did not show any
significant temporal trend. The decrease in [Claladl [PQ>] was substantial, with annual
mean concentration divided by seven and three c&spby, between the late 1980s and 2011.
Suspended matter and ammonium concentrations atgaover the same period (Fig. 2).
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Table 2: Results of the GAM trend tests applieghgsical and chemical parameters measured on five

sites of the Meuse River over the 1987-2011 period.

Parameter Trend R? adjusted P
Chl a N\ 0.63 <0.001
SM N 0.08 0.049
NH," N 0.17 0.001
NO; - 0 0.97
PO’ 0.59 <0.001
0, 0.06 0.097
o - 0.06 0.18
T v 0.23 <0.001

Note: SM, suspended matter; Q, water discharge; 7, water
temperature. Significant values are in bold.

Year

Year

Chlorophyll a Suspended matter Ammonium
R2=0.63 R2=0.08 R2=0.17
o 2 B -
2
©
§ b +H4‘4| | | {{W
N i {
Sl S TR I VLT
4
g H‘. H{ K d{{{{{{
B -1 LK (e -
8
o T T T T T k I I T I I B T T T T T
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010 1990 1995 2000 2005 2010
Nitrate Phosphate Dissolved oxygen
R2=0.0 R2=0.59 R2=10.06
o 24 . <
2
: |
w1 14444 e
Q «“
5 | 1l " H, it
5 07 HHH Hit 00 N ‘ 1o My, T,
£ - | PTERALTTYY I AL {
o
b
= ) I I I 1 T E I 1 T I T L 1 I I T I
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010 1990 1995 2000 2005 2010
Water discharge Water temperature Great cormorant abundance
R2=0.06 R2=0.23 R2=0.14
v 2 ] .
2
g
g 17 { 7 7 i
g H ' { U
B { ot 4 e | aatiing | Y
9 0 4“‘ H{ 4* e HHHHH HH .““H{ {{H
‘E -1 i i -{{ H4°
¢ {
ke I I I I I B T T T T T —I T 1} T T
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010 1990 1995 2000 2005 2010

Year

Figure 2: Long-term variation in the annual meartues of the physical and chemical
parameters and estimated abundance of the Greabramt Phalacrocorax carbp of the
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river Meuse between 1987 and 2011 (dark circle) efled with GAM. Between-sites
deviations (= standard deviation bars) are provifeda have been standardized “by site”.

Trends in trait category group responses

The co-inertia analysis examining the common stmectof macroinvertebrate traits and
physical and chemical parameters over the 1998-20driod highlighted rather strong
relationships between the two sets of data (RV 52;0Appendix 4). The Fkg-axis,
explaining 78% of the variance in trait categorilizdtion, was clearly related to temporal
changes, with [Chla] and [SM] strongly and negdsiveelated to the coordinates of trait
categories along this factorial axis. The variadgiom other environmental variables did not
importantly explain community trait variation alofdy-axis or were more related to \n2
axis variations (explaining only 10% of the totatiance; Appendix 4).

Six groups of trait categories (f1to Ty ) were defined using their coordinates on the two
first factorial axes of the Col. The relative wdtion of trait categories from groupsyi and
T2y significantly (p < 0.001) decreased over the stymyriod (R? = 0.32 and 0.35,
respectively). Such variations were significantated to [Chla] (R? = 0.15) and [SM] (R? =
0.14) variation over the study period (Fig. 3 arab.T3). In contrast, the abundance of,T6
increased over time (R2 = 0.19) and could be sicamtly related to decreasing [Chla] and
[NH4'] (R2 = 0.12 and 0.093 respectively). The othermggodid not exhibit clear temporal
trends. Temperature only influenced the abundah@&g (R2 = 0.12; Tab. 3).
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Figure 3: Long-term variation in the relative abande of three trait category-based groups
(T1lwi, T2w, and TGy ), two structural indices [richness (M2 and Shannon-Wiener index
(M3w)] and exogenous taxa describing the invertebrsdgerablage in three sites of the River
Meuse between 1998 and 2011. General temporal sremie modelled with GAM and
represented by dark circles. Between-sites deviatigere illustrated by vertical bars. Data
were standardized by site. Groups were definediénatthical cluster analysis applied to the
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matrix of Euclidean distances based on Col taxarrescin the first factorial plane. See
appendices 1 and 4 for group details.

The frequency of the groups T1MI and T2MI, decrdaseer time (Tab. 3): they include
essentially large sized organisms with low lifeci@rduration (Appendix 1: table S1). These
groups comprised predators and deposit-feedersefisaw taxa exhibiting preferences for
conditions usually prevailing in headwaters [e.gw |temperature (<15°C), fast current
velocity and low nutrient concentration]. Also inded in these groups were several other
categories of ecological traits [e.g. low pH sewsit (6/6), longitudinal distribution (5/8),
salinity (1/2) and temperature (2/3) preferenceiictv were related to the temporal gradient
(Appendix 1: table S2). Conversely, in T6MI, we fouseveral categories of traits commonly
found in disturbed downstream river sections (srtedh with short life duration preferring
warm, eutrophic, brackish waters) (Appendix 1:eéabb1 & S2). The other groups (T3-5MI)
included several traits categories which did ndtileix clear temporal trends [e.g. dispersal,
respiration, locomotion, substrate preferendum...].

Table 3: Results of the GAM trend tests appliedixdhe abundances of six homogeneous
combinations of trait categories (j1to T6y ) or (ii) the values of three taxonomy-based
metrics [Mdy(abundance), Mg (richness) and Mg (Shannon index)] (iii) the abundance of
exogenous taxa (Exotig) in the Meuse River over the 1998-2011 period.epehdent
contributions of physico-chemical parameters taatens in the abundances of trait-based
groups or in the taxonomic metric value variationsr the study period are provided.R*<
0.05, * P < 0.01, ** P < 0.001).

Temporal trend Independent contribution (%)

Trait Trend R* adj (/1) Chla SM NH," NO; 0, PO,’ 0 T
Tlui N 0.32%*+* 1538 13.6%* 11.5* 1.5 3.1 3.8 5.4 0.7
T2ui N\ 0.35%** 15.4%%* 13.7* 8.8 10.2 0.6 1.1 2.1 1.2
T3mi 0.13 21.9%** 1.8 0.7 1.3 24 0.6 1.8 12.1%*
RENT 0.04 2.6 3 0.3 10 1.1 4.4 0.4 0.8
TS5mi 0.04 0.2 0.3 0.2 0.8 37 1.5 0.1 10.5
T / 0.19* 11.8* 9.1 9.3+ 0.6 0.3 0.3 0.8 1.9
Ml 0.02 1.8 0.7 0.8 0.3 157>~ 0.8 LT AP** 3.6
M2\ 2 0.18* B 1.2 13.3* 0.4 0.6 10.5% 1.4 0.2
M3 7 0.13* 2.4 2 3.7 0.3 1.4 17.4%% 1.6 0.1
Exoticy 77 0.44%** 9.9% 15 15.0%* 0.3 0.2 4.4 8.0 3.0

Note: Independent contributions of physicochemical parameters to variations in the abundances of trait-based groups or in the
taxonomic metric value variations over the study period are provided. Significant values are in bold.

*P:< 0.05;*2P < 0.01; ***P < 0.001.

In each group, trait categories followed the saraed during the study period. The relative
utilization of more than 57 % of the trait categsriincluded in T, T2y and TGy
significantly changed versus only 15 % of the tcaitegories belonging to groups i3 T4 w
and T5y, (Appendix 1: tables S1 & S2).

Total macroinvertebrate abundance did not varyitsogmtly over time (Fig. 3 and Tab. 3),
contrary to taxonomic richness and Shannon-Wiemgrsity index which increased over
time (R?2 = 0.02, 0.18 and 0.13 respectively) andeweegatively related to nutrient
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concentration variation (Tab. 3). The abundancesxadgenous invertebrates increased in
relation with [NH;"] and [Chla] (R2 = 15.0 and 9.9 respectively).

Matching fish community trait-based structure wehvironmental changes by co-inertia
analysis provided a RV value equal to 0.42 (Apper)i The Fi-axis, taking into account
84% of the total variance in the data, highlightd#dar temporal changes. The variance
explained by Fg, was far lower (8%). Three groups of trait categenvere defined (Tlto
T3g): trait categories from Tl were less and less used (Fig. 4, Tab. 4, trakgoay
0.24). Trait categories
corresponding to groups #2and T3, did not exhibit any significant temporal trend? (R
0.06). [Chla], [P@], [NH4"] and [NQ;] were the most important variables related to
temporal changes in fish community traits (TabAgpendix 5), the other physico-chemical
variables being poorly involved in Rlaxis.
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Figure 4: Long-term variation in the relative abande of one trait category-based group
(T1lq), one structural index (abundance; gjland exogenous taxa describing fish
assemblages in five sites of the River Meuse bati®85 and 2010. General temporal trends
were modelled with GAM and represented by darklesrcBetween-sites deviations were

illustrated by vertical bars. Data were standadlizey site. Groups were defined by

hierarchical cluster analysis applied to the matfiXtuclidean distances based on COI taxon
scores in the first factorial plane. See appendicaisd 5 for group details.

The relative utilization of 66 % of the trait categs included in Td significantly changed
versus only 4.5 % of the trait categories belondmd 2 (Appendix 2). Trait categories in
relation with feeding habits (omnivorous), body dén (> 20-40 cm), number of annual
spawning events (< 1) and maturity (at 3 yr), wiauded in T}, which was significantly
correlated to [Chla] and [P@)]. Although T3 did not exhibit clear temporal trends, 43 % of
the trait categories increased over time (Appejije.g. abundance of invertebrates feeders
and small sized taxa (<10 cm) with multiple spawsiper years].

Fish abundance increased (R? = 0.26; Fig. 4), petiss richness, taxonomic diversity and
abundance of exotic fish species did not show agyifcant temporal trend over the study
period (Tab. 4).

62



Table 4: Results of the GAM trend tests applied(ijothe abundances of three homogeneous
combinations of fish trait categories (T1FI to TBFI) the values of three taxonomy-based metrics
[M1FI(abundance), M2FI(richness) and M3FI(Shanmnutek)] (iii) the abundance of exogenous taxa
(Exotic FI) in the Meuse River over the 1985-20H0i@d. Independent contributions of physical and
chemical parameters to variations in the abundaoiceait-based groups or in taxonomic metric value
variations over the study period are provided.<*@.05, ** P < 0.01, *** P < 0.001).

Temporal trend Independent contribution (%)
Traits Trend R? adj (/1) Chla SM NH," NO; 0, PO’ 0 T
Tl N\ 0.24** 7.5%%% 0.3 1.6 0.3 6.3 16:5%** 0.2 0.3
T2 = 0 1.7 0.2 4.4% 10.6%%* 0.4 0.2 0.1 0.6
T3p = 0.01 23 0.1 0.2 22 2.8 9.5FrE 0.2 0.2
Ml N\ 0.26** 1.8 0.4 0.5 1.4 0.5 6.6%* 0.6 0.3
M2y - 0 0.2 0.4 1.8 3 0.1 0.3 4.2 0.1
M3 - 0 0.5 0.4 1.1 0.1 0.3 0.2 6.7%* 0.1
Exoticy = 0.01 0.5 5.0% 0.4 4.2 0.6 1.0 0.2 0.3

Trait category trends following predation risk imase in a multi-stressed environment

The abundance of predators (R? = 0.42) and defemsiers (R2 = 0.16) decreased over time
with the decline in [Chla], in contrast with thecieasing abundance of scrapers (R? = 0.18)
(Tab. 5, Fig. 5). The abundance of filter-feedgmgrcers and shredders remained rather
constant (Appendix 1: Table S2).
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Figure 5: Spatio-temporal variations in the mealization frequency of nine trait categories
by the macroinvertebrate assemblage of the MeuserRluring the 1998-2011 period.
General trends were modelled with GAM and represeriy dark circles. Between-sites

deviations are illustrated by vertical bars. Asatenl R? coefficients are provided.
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The proportion of small-sized invertebrates (pagnéngth< 0.5cm), and/or with short life
span (< 1 yr) increased in the macrobenthic comtyuhiring the study period (R2 = 0.16 and
0.21, respectively) at the expense of larger spefpetential lengtl> 4 cm) and/or with
longer life cycle (R2 = 0.29 and 0.23, respectiyeRhis trend seemed primarily linked to the
abundance of invertebrate feeders and second@hta] decline (Tab. 5). The proportion of
psychrophilic taxa (preferendum < 15°C) decreased tme (R2 = 0.61) and was statistically
related to the decrease in [Chlg} € 0.001). Thermophilic (preferendum 15°C° or
eurythermic invertebrates increased with increasiater temperaturg@(= 0.008; Tab. 5, Fig.
5).
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Table 5: Results of the GAM trend tests appliethio mean frequency of 17 trait categories
in relation with feeding diet or biological straieg exhibited by the macroinvertebrate and
fish assemblages of the Meuse River during theyspatdiod. Independent contributions of
food resources, temperature (T), [PO43-] and predain each trait category utilization are
provided. (*P < 0.05, ** P < 0.01, *** P < 0.001).

Temporal trend Independent contribution (%)
- X Abundance of Abundance of
Parameter Trend R~ adj (/1) Chla PO,’ /i invertebrate feeders ~ Great Cormorant
Macroinvertebrate
Feeding habits
Scrapers / 0.18 10.3* 0.2 2.0 14.6%* B
Deposit feeders N\ 0.16 0.7 117#* 1.1 7.4% -
Predators N\ 0.42 39.9%** 4.0 0.2 2.8
Maximal potential size
<0.5 cm A 0.16 1.2 4.7 0.7 21 5% -
>4 cm N\ 0.29 12.0*% 0.8 1.4 12.7* -
Life cycle duration
<llyr 7 0.21 0.4 L5 0.0 0.1
>1lyr N\ 0.23 11.8*% 4.2 2.7 1.2
Temperature preference
<15°C N\ 0.61 37 3nen 1.2 0.2 2.6
>15°C and eurythermic 0.49 0.7 0.7 15:5%* 12
Fish
Feeding diet
Omnivorous N 0.47 9. 8x¥x 17.6%** 0.3 6.3
Invertebrate feeders 7 0.41 10.2%** 20.0%** 0.3 2.8
Adult body length
<20 cm 7 0.51 6.6 16.8%** 0.5 19.2%4¥
>20 cm N\ 0.51 6.6 16.8%** 0.5 1924 %
Number of spawning events
<l/yr N\ 0.62 4.6 9:3¥* 0.4 16:2***
>1/yr vl 0.62 4.6 L 0.4 16:2***
Age of maturity
2yr 7 0.51 3.8 8.5%* 0.5 24 5%*x
>2 yr N\ 0.51 3.8 8.5%* 0.5 24.5%%*

The potential diet and life-strategy of fish chamgeibstantially during the study period. In
parallel with the decline in [Chla] and [FQ (Tab. 5, Fig. 6), the abundance of invertebrate
feeders increased (R? = 0.41) while the abundafaammivorous species decreased (R? =
0.47). Small-sized fish<(20 cm), with early maturity<(2 yr) and multiple spawning over the
year increased over time (R? = 0.51, 0.51 and Qd&hectively), primarily in relation with
the increasing abundance of the Great Cormomrt{.001) and secondly with the decrease
in [PO,>] (Tab. 5).
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Figure 6: Spatio-temporal variations of the mealieation frequency of eight trait categories
by the fish assemblage of the Meuse River durirey1885-2010 period. See Figure 5 for

further details.
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In this study, we have demonstrated that environiaheianges and predation risk increase
spanning three decades may have impacted theb&sétd structure of the benthic
macroinvertebrate and fish assemblages in a large r

Causes of environmental changes and consequenceshentrait-based structure of
invertebrates and fish community.

Our data provide evidence for a significant inceesesmean annual water temperature in the
River Meuse, as a result of climate change andr @hnropogenic impacts, with an average
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increase of about 1°C over 24 years. A similar dréras been observed in other West-
European large rivers, including the Rhéne (Frugetal, 2001), the Danube (Webb &
Nobilis, 2007), the Loire (Flourgt al. 2012), the Rhine (Van Vliedt al, 2013) and several
rivers in southern England (Durance & Ormerod, 200 the latter, water temperature
increased between 1.2 and 1.7°C from 1981 to 28§pecially in winter (+2.1-2.9°C). By
contrast, no trend was detected for dissolved axympamcentration and water discharge in the
Meuse River over the 1987-2011 period. However, ¢h&ulation of annual averages
obviously precludes examining possible variationsherter time scales. For instance, under
climate change, the hydrological regime of the RHRiver exhibited higher winter and lower
summer flows(Middelkoop et al. 2001). In the River Meuse, multi-year cyclic véonas
have been observed during the 30 last years ,lemttilow periods alternating with high flow
periods (Descy et al., in Tocknetral, 2009).

An important change that has occurred in the Rieuse over the last 24 years is the major
decrease in chlorophyll-a concentration. The radonadf 85% of the phytoplankton biomass
is correlated with the rise of exotic macroinverggbs (Tab. 3) which became more abundant
(Fig. 3). For examples, Pigneet al. (2014) provided evidence that the invasive Asiames
Corbiculaspp have played a major role in the decline of chlogdiph. In parallel with this
apparent diminution of eutrophication, the watealgy of the Meuse River has actually
improved, due to waste water treatment in Frana® Belgium, which reduced nutrient
concentration, suggesting that phytoplankton gromvdty have become P-limited. However,
despite orthophosphate concentration decreasestilliabove growth-limiting levels for most
phytoplankters (Pigneuet al, 2014). Accordingly, we found poor correlationtieen
chlorophyll-a and nutrient concentrations. Actuathe decline in phytoplankton biomass has
reduced the phosphorus demand, making phosphaniiation even less likely. The situation
is somewhat different in other large rivers, elge Loire River, where integrated water
management for eutrophication control has resultedeffective nutrient limitation of
phytoplankton growth (Desogt al, 2012) and substantial changes in biogeochemjci¢s
(Minaudo et al. 2015). To some extent, the successful colonizatiothe Meuse River by
exotic filter-feeders has mitigated the effectseatrophication: despite rather high nutrient
concentrations and improved underwater light clevsie to long-term decrease in suspended
matter (Descyet al. in Tockneret al, 2009), the phytoplankton biomass decreased, alpw
an improvement of the water quality and transparehtowever, our study shows that the
strong reduction of the autochthonous contributmthe particulate organic carbon flux has
strongly influenced the consumers’ community stitesin the Meuse River.

Our study points out the major role of chloropfeylconcentration, and by contrast a much
lower effect of water temperature on long-term dierin the trait-based structure of the
macroinvertebrate and fish assemblages in the MBuggr (Tab. 3 & 4), with a stronger

impact on macroinvertebrates than on fish. Indeealyy more (41% of the total categories
considered) macroinvertebrate traits changed owes than in fish (Appendices 1 & 2).

Furthermore, macroinvertebrate trait-groups shoavettonger relationship with water quality
variables. These results agree with Mariral. (2012), who found that macroinvertebrates

67



were more sensitive to environmental degradatiotowat pressure level than fish, which
exhibited a stronger response to high pressurd, ldue to their longer life cycle and their
migratory behaviour. In a lowland stream, sensithacroinvertebrate taxa responded mostly
to organic pollution and hydromorphological stredsereas fish reacted more strongly to
flow disturbance (Poff & Zimmerman, 2010). Similasults, i.e. that primary consumers
responded better to changes in nutrient and teryergatterns, were found by others
(Gafner & Robinson, 2007).

In our study, taxonomic-based metrics of both maeertebrate and fish communities were
mainly correlated to the decrease of nutrient logdiTab.3 & 4), and independent from
changes in chlorophyll-a concentration and watemperature (Tab. 3). This agrees with the
results of Durance & Ormerod (2007), Daufresteal. (2007) or Flouryet al. (2013),.
However, we tested the response to annual aveeaggetature, and not to maximal summer
temperature, which can affect macroinvertebratdisir assemblages(Heinet al, 2009).
Several studies on riverine fish communities (Gual. 2005; Daufresne & Boét 2007,
Buisson & Grenouillet, 2009) have reported or peetl significant variation in species
richness, total abundance and/or taxonomic everthes$o global warming. Identifying more
precisely the potential role of temperature on camity structure would require additional
studies focusing on the effect of altered wintenima and summer maxima.

Effects of resource availability decrease and pteomrisk increase on the trait-based
structure of assemblages in a multi-stressed enwient

Our analysis of the Meuse River data also provieesience of a significant impact of
invasive exotic species on the food web, througingk in resource availability, competition
and predation.

As a result of the arrival and spread of exotiteftfeeders (e.gCorbicula spp, Dreissena
spp...), which dramatically reduced phytoplankton biom#&Bsgneur et al, 2014), we
observed a shift in feeding guilds within the mhoeathic assemblage. The river water
transparency improvement, due to chlorophyll-a angpended matter decline (Fig. 4 and
Tab. 5), may have benefited to benthic scrapers ffénd is more significant in the upper
section of the Meuse River, where the shallowernokh promoted periphyton and
macrophyte growth. In parallel, a significant dewe in deposit feeders occurred (Tab. 5), as
a result of reduced phytoplankton biomass. In ldogdand rivers where phytoplankton is
abundant, the feeding activity of filter-feeders cadirect the flux of organic matter from the
water column to the benthos, thereby enriching rsedt and favoring deposit-feeders
(Strayeret al. 1999; Idrisiet al. 2001). Conversely, a reduction of phytoplanktonsity in
the water column can directly affect particulatgamic matter supply to the bottom, and
thereby impact deposit-feeders. In the River Metlse decline of native deposit-feeders can
be attributed to fish predation (Tab. 5) but alsocbmpetition with exotic crustaceans
occupying the same ecological niche. During thed$98helicorophiumsp, a Ponto-caspian
invasive crustacean, gradually became dominantdgijVaateet al, 2002, Josenst al,
2005). More recently, the exotic amphipbikerogammarus villosydfirst recorded in the
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River Meuse in the early 2000s (Van den Bossch82Rthas become the most abundant
benthic predator and may have contributed to tleetspular demise of the native gammarid
species.

In parallel with the chlorophyll-a decline in thavBr Meuse, the feeding habits of fish
assemblage also shifted gradually from a commumhitjminated by omnivorous species to
invertebrate-feeding species (Fig. 6 and Tab. B)n®orous fish have been affected by the
drastic decrease in zooplankton density (Pige¢at, 2014) which represented in 2010-2012
less than 2% of the biomass present during the’49@0Apublished personal data), following
the phytoplankton decline. Otjacques al. (2016) confirmed that the main cause for the
dramatic reduction of the roacR\ftilus rutilug in the Belgian part of the Meuse River has
been the drastic decline in planktonic resourcasftillowed the invasion of the exotic filter-
feeders.

Top-down control has also had an important impacttboth macroinvertebrate and fish
assemblages in the River Meuse. The increase eftetwate-feeding fish was significantly
correlated to the diminution of large species otromvertebrates, to the benefit of small-
sized species (Tab. 5). However, the trait-basedttsire of the fish assemblage appears more
impaired by predation than that of the benthic rimsertebrate assemblage. In particular,
slower-growing fish species with late maturity dod fecundity (e.g-Thymallus thymallus,
Leuciscus leuciscus, Esox luciuy which have significantly declined over the stymbriod,
most probably as a result of cormorant predatiohereas changes in macroinvertebrate
reproductive strategies are not significantly clateel to fish predation (Tab. 5). While the
predation pressure of the cormorant on the fiskerabtage is clear and has already been
described (Engstrém, 2001; Cech & Vejrik, 2011k tmk between fish predation and
macroinvertebrate assemblage abundance seems rooplez than initially expected.
Several studies have reported highly variable towrd effects due to invertebrate-feeders,
depending on the study context (Wallace & Websi@96) or the habitat complexity (Diehl,
1992; Everett & Ruiz, 1993).

Conclusions

The results of this study are in accordance wittvious research on trait category selection
(Statzneret al. 2004; Chuet al. 2005; Van Riekt al. 2006; Buisson & Grenouillet 2009) and
have supported our hypotheses, namely, that thectifumal structure of benthic
macroinvertebrate assemblages has been more irdphete that of fish assemblages by the
decline of planktonic resources (hypothesis 1), #rat the trait-based structure of both
communities was significantly correlated (i) inditlg by trophic limitation caused by exotic
species invasionfiypothesis 2) and (ii) directly due to predatigkiincrease (hypothesis 3).
However, some interpretations should be carefutysaered. When studying long-term
effects of physico-chemical variables on commusijtiecologists have often to cope with
long-term data obtained using various, heterogendmld and laboratory methodologies.
Limiting the potential bias due to sampling hetenogity over the study period is often a
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major challenge, which was met in our case (i) égding sites and periods surveyed with
the most similar sampling methodologies, (ii) bg-tbansforming taxon abundances, (iii) by
centring the data “by site” to reveal temporal tterand (iv) by using only the family
identification level for benthic macroinvertebratex (v) by using a functional method rather
than taxonomic approach (Herieg) al, 2006). Even if several authors have pointed bet t
potential risk of misinterpreting or underestimgtiihe impacts of abiotic pressures on biotic
communities when using a rather low taxonomic rgsmh (Thompson & Townsend, 2000;
Bonadaet al, 2007) the family-level appeared as a favorablengmomise to illustrate
evolution of the trait diversity of fish and maareertebrate assemblages (Demersal,
2012). The long-term database, gathered from tvdepaendent national survey programs
applied with unvaried methodology, has providedststent results and has demonstrated the
high interest of this approach in future managendallenges, even at family level for
invertebrates.

Finally, our research takes place within a mulessor context where it is complex and
difficult to statistically explain the variation o single dependent metric by a specific
independent variable because of potential confowndiffects. Indeed, in multi-stressed
ecosystems, each abiotic or biotic factor can pi@téy interact with other factors or
processes (Daufresne & Boét 2007). This study hgislighted the importance of trophic
relationships in community dynamics, the dominaoie rof new exotic predators in the
trophic functioning of rivers and the potentiallidgnce of environmental degradation that can
unbalance ecosystem functioning by facilitating ¢élseablishment of new species or reducing
community diversity (Travis, 2003).
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Ce qu'il faut retenir de ce chapitre

Dans ce premier chapitre nous décrivons les gratefefances environnementales et leurs
impacts sur le fonctionnement des communautés deromaertébrés benthiques et de
poissons sur un long linéaire de la Meuse. Afinndefaire ressortir que les évolutions
communes entre les différentes stations, nous sédsile biais lié a la typologie et a la
méthodologie d’'inventaire des organismes via difiées approches statistiques (centrage-
réduction des données par site, modéle mixte...)s@ndes tendances se sont dégagées du
jeu de données collecté :

- Nous avons démontré que le long du linéaire étladidomasse du phytoplancton a
significativement diminué au cours des 24 derniéaesées. Cette réduction a
contribué a l'augmentation de la transparence eaul'favorisant potentiellement le
développement du périphyton et de ses consommaleards (scrapers). A l'inverse
la réduction du seston (phyto-zooplancton) a concau’effondrement des stocks de
certains poissons omnivores évoluant principalendant la colonne d’eau (gardon,
ablette commune, vandoise...).

- La pression de prédation sur les communautés deomeaertébrés et de poissons
s’est accrue au cours de la période étudiee duéaltaugmentation des densités de
poissons invertivores et du grand cormoran. La agiféd impacte négativement
essentiellement les taxons de plus grande taildyrae de vie élevée et a maturité
sexuelle tardive.

- Enfin, la température annuelle de la Meuse a auggndenviron 1°C sur la période
étudiée favorisant les taxons eurythermes. Cefeaibn de la température annuelle
peut sembler négligeable, toutefois son influengeles communautés peut étre plus
sérieuse durant la période estivale.

Dans ce premier chapitre, nous avons démontré tustar de nombreuses rivieres
Européennes et nord Américaines soumises a dephaglfpressions (eutrophisation, invasion
biologique, homogénéisation de I'habitat...) les camautées biologiques de la Meuse
tendent a se banaliser au profit d'espéces pioeside petite taille ayant développé des
adaptations aux environnements perturbés @hal, 2005; van Riekt al, 2006; Buissoret

al., 2008; Buisson & Grenouillet, 2009). Les traithidtoires de vie décrits précédemment,
apparaissent au sein des différentes communautdSpendament des dissemblances
hydromorphologiques entre les stations étudiées.

Une analyse taxonomique des assemblages de maameéiorés et de poissons décrits lors de
cette étude a également été réalisée a l'aide diugtbodologie similaire. Les résultats des
analyses sont disponibles en annexes 8, 9, 10 et 11

Dans les chapitres suivants nous mettrons en #ughtence de la gestion hydraulique de la
Meuse belge ou francaise sur les communautés/gamdade macroinvertébrés et de
poissons via des études comparatives a I'échelle station.
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Chapitre 2

Structural changes in fish populations and communiges in the
River Meuse (Belgium) over the last 20 years
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Avant-propos

La premiére partie du®?° chapitre décrit I'évolution des stocks de gardBmtilus rutilug,

une espéce omnivore largement représentée, ssrdieosecteurs de la Meuse belge pendant
une période de 20 ans. Au cours de ces deux dé&seras concentrations en plancton ont
drastiquement diminué et 'abondance du grand caam@halacrocorax carbpa augmenté.
Cette étude permet également de comparer a postBéieolution de la population de
gardons de la Meuse belge aux populations de gaméariuant en zone non navigeable de la
Meuse francaise (Alonset al, 2014).

La seconde partie de ce chapitre étudie plus sgeeihent I'évolution des assemblages
ichtyologiques de deux sites de la Meuse BelgdfeFast Lixhe. Nous avons également testé
la corrélation entre différentes pertubations pi¢dies (la concentration de phytoplancton et
la densité de grand cormoran) et I'évolution (taxmique et fonctionnelle) des assemblages
piscicoles a I'aide d’analyses multivariées.

Le doctorant a réalisé la seconde partie de ceitchagt a participé aux échantillonnages de
gardons ainsi qu’a l'analyse partielle des réssiltdd¢ la premiére partie. L'analyse des
résultats de la dynamique de population a été tefecpar Otjacques W. La premiere partie
de ce chapitre et certains résultats de la secpadie ont fait I'objet d’'une publication dans
la revue Fundamental and applied limnology.

Otjacques W, Latli A, Bernard B, Ovidio M, Depierele, Kestemont P (2015) Recent
decline of roach Rutilus rutilus stock in a largeer ecosystem in relation with its
population dynamicgzundamental and applied limnology87, 13.
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Structural changes in fish populations and communies in the
River Meuse (Belgium) over the last 20 years

Abstract

Fish populations in the River Meuse have underdarge structural changes during the two
last decades. RoacRytilus rutilusL.) populations have been investigated by markptoa
and growth rate and mortality have been assessestdlg reading. It appears that roach
stocks have undergone a severe decline. Histatatal reveal a stable population in the reach
of Tailfer between 1993 and 2003 according to esti® by marking-recapture using the
Jackson’s positive method. But present data reaehlastic decrease of 90% in this reach.
Investigations have been continued in two othechrea (present study) and results obtained
are in the same way. Current roach stocks are learyin the River Meuse. In the reach of
Hastiére, roach stock has been estimated at 1Zh fo@ and in the reach of Visé, roach
density is estimated at 233 roactithAnalysis of CPUEs obtained by gillnetting refeaiso
the same trendCurrent growth parameters present no radical cha@gaent estimates of
exploitation of roach stock are high in the rea€tastiere and similar to past estimates for
the reach of Visé. Analysis of fish pass data risvaaleep change in population structure. A
significant decrease of passage into fish pasgyidighted. Analysis of trophic guild reveals
a change with fish feeding in the water column e@fhg roach abundance to more
benthivorous fish. A redundancy analysis reveads decline in plankton biomass is the most
correlated variable to explain change in fish papah in the reach of Tailfer. In the reach of
Visé, Great cormoranPhalacrocorax carbo sinensiBlum.)is the most correlated variable to
the decline.
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Introduction

Estimates of fish stocks dynamics are employedréduate ecological interactions in aquatic
communities. These estimates are also importantanagement to control exploitation of a
stock to avoid its collapse in the near future t@rednet al, 1999). To highlight abundance
and structure of fish population is a real chaleengainly in large river. All sampling methods
are biased to some degree when estimates of abeadachness or distribution are needed
(Olin et al, 2009). Estimates of abundance rely on activeutapif fish such as gillnetting or
electrofishing (Murphy & Willis, 1996). But theseetihods have their own limits. It is widely
known that gillnetting is size selective (Hamley975), tends to underestimate young
individuals of a given species or species being emsedentary (Rulifson, 1991). Size
selectivity can be reduce by using gillnets witffedlent mesh size (Goffaugt al, 2005).
Electrofishing is widely considered as efficient ttescribing structure populations but is not
appropriate for large rivers (Puseyt al, 1998). Moreover electrofishing efficiency is
influenced by physical and chemical parametersinsming capacities of fish (Casselman
al., 1990) and response to electric field may varyvbenh species and size class (Pletesl,
1998). In large rivers, combination of these twchtgcs allows at the same time sampling of
the main channel as of the banks (Goffatial, 2005). More, monitoring of fish pass enables
data collection on population dynamics and migsatidraracteristics needed for management
of fish populations. The most used technic of cmgnfish passes is to catch them in a trap
disposed within or at the outflows of the pass ifiiar, 1998). Monitoring of fish pass can
reveal changes in fish population in a river suslaaecline of a particular species (Mallen-
Cooper & Brand, 2007).

To assess abundance from capture data, two modelgeaerally employed by biologists
(Gatz & Loar, 1988). First, the removal model needch data from depletion sampling to
give an estimation of density and sampling efficenThe assumptions are a closed
population and the same capture probability forcegse and sampling (Rosenberger &
Dunham, 2005). Second, the mark-recapture modsl developed by Petersen (1896) is an
alternative to the first model (Thompsen al, 1998) and the most used method for stock
estimates in inland water (Gatz & Loar, 1988; Daslet al, 2012). The assumptions of this
model are a closed population, random distribuéind same catch probability between mark
and unmarked individuals of the same species (Watital. 1982) and no mark loss. The
mark-recapture model is generally used for abunel@stimates in small lakes (Gressvel|
al., 1997) to great lakes (Dahet al, 1992; Donkerset al, 2012). This model is more
appropriate for low capture efficiency or low stqtlaurent & Lamarque, 1975).

Catches per unit effort (CPUE), instead of givingfiraates densities, offer a view on
proportional changes which occurred in an explofisd population. Both CPUE and fish
stock estimates are useful in understanding chandesh stock (Peltoneat al, 1999).

Collecting information about age and growth is impot for understanding ecology and
biology of any species. Age and growth rate arealgwletermined by using hard structure
such as otoliths (Kwakt al, 2006), bones (Alet al, 2011) or scales (Pompei al, 2011).
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Growth rate information permits comparisons betweddferent water bodies or different
years but also the study of mortality rates or apijates the general health of a population
(Kwak et al, 2006). In fisheries research and management tgsects are very important.

Studies on long-term data sets are important tesasgnpact of one or more factors on
organisms living in an ecosystem (Daufresteal. 2003). Temperature and hydrology are
factors which influence generally freshwater fa(ipaff et al. 1997). But invasive species can
also affect fauna after their arrival in a new gstasm (Phelps, 1994; Karatayetval, 1997;
Paceet al, 1998). For example, in the San Francisco Bayasion by the Asiatic clam
Pomatocorbicula amurensisesults in a decline in plankton (Alpine & Cloerth992;
Kimmereret al, 1994) and plankton-feeding fish (Moy& al, 1991). Spread of invasive
molluscs can also increase biomass of benthophstyédarataye\et al, 1997).

In the River Meuse, 23 fish species were found rdursampling by gillnetting and
electrofishing from 1998 to 2000 (Goffaet al. 2005). Other species, potentially invasive,
are also found more and more frequently during $iagppfor example Wels catfisBilurus
glanis, Asp Aspius aspui®r Western Tubenose golByoterorhinus semilunarisThe River
Meuse has been recently colonized by Asiatic cl@uosbicula spp. (Swinneret al, 1998)
and dreissenids mussels (Marescaual.2012).

RoachRutilus rutilus(L., 1758) is one of the most commonly and wideistributed fish in
European rivers (Kottelat & Freyhof, 2007). Roaslaliso important for recreational anglers.
In 1993, roach stock in the River Meuse (Belgiura} heen investigated by mark-recapture
using the Jackson method. Its density was estimaite®599 roach ha(Didier & Micha,
1996). The study was continued in 2000 until 2008 the density was comprised between
3035 and 3145 Ha demonstrated a stable roach population (Evrafdiéha, 2003). Since
this last study, according to indirect indicatorseems that this stock has undergone a drastic
decline. In the fish pass of Tailfer (lat. 50°2£29"N; long. 4°52'59.7"E), roach passages
fluctuated between 7856 and 36983 per year in ¢éginbing of the 1990s. Since 2006, roach
passages are under 1500 during spring and sumrnerloWest passage is obtained in 2013
with a maximum of 17 passages inventoried. A nexestigation by mark-recapture confirms
the decrease of roach stock with estimates of tlessabove 500 roach ha(Latli &
Kestemont, 2010).

The aim of the present study was to analyse datansa in the River Meuse over the last 20
years. First, we compare historical and currenimedes of roach stock in three reaches,
Hastiere, Tailfer and Visé. Estimates of densitgg Bromass have been assessed by using the
mark-recapture model. Secondly, an analysis of tiraate and mortality has been achieved
by scale reading to see any impact of the decrefiseock on these population parameters.
Thirdly, an analysis at larger scale was performath fish pass data to seen any intrinsic
population change with links to environmental (cbfhyll a, discharge, pH, oxygen
saturation, phosphorus, ammonium, nitrite, tempeeatsuspended matter) and biological
(Great cormorant populations) parameters. This agubr allowed us to determine which
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parameters are the most reliable to our problemiinally, fish assemblages were described
by an analysis of biological and ecological fisdts.

Study area

The River Meuse is 905 km long and its total catehtrarea is 36 011 km?2. The river rises in
Eastern France and flows throughout Belgium andNéberlands before meeting the Lower
Rhine and forming the Dutch delta. It deboucheth@North Sea (Fig. 1) (Descy, 1987). The
slope of the River Meuse is 0.23%o. In Belgium, theer looks like a bream zone as a
consequence of heavily canalisation during thell&6tyears. Fifteen dams have been erected
on its course in Belgium which allow shipping of503tons upstream Namur (Tans, 2000)
and 9000 tons downstream Namur but disturb flow, natigration of fish species and natural
zonation patterns. Naturally, the river in Belgium a barbel zone according to Huet's
zonation (Micha & Pilette, 1988). Natural banks egkatively rare as a result of canalisation.
A large description in long term changes in wagnperature, discharge, suspended matter
and orthophosphate can be found in Desicgl. (2009). During the study period at Tailfer,
chlorophylla (ug.L") and zooplankton (ind:l) have decreased. Soluble reactive phosphate
(mg P L) presents a slight decrease. Extinction coeffic{em’), related to phytoplankton
biomass has increased (Pignetal 2014).

The present study was carried on three differeathres in Belgium: Hastiére, Tailfer and
Visé, located 488, 518 and 611 km respectively fspmng.

S ¢ Netherla
North Sea SO ol The Netherlands

oS Germany

= Luxembourg}
France /

Fig. 1:Location of the River Meuse basin and the samdites
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Materials and Methods

Fish sampling

Before estimation of roach stocks and their dynanmctwo reaches of the River Meuse,
16000 roach grew in captivity were marked by cligpoff the right pelvic fin on November
9™ 2012 and restocked homogeneously in the 24 hauteireaches of Hastiére (7500 roach)
and Visé (8500 roach). Sampling begun 4 days adttocking to let dispersal and mix with
wild roach populations occurred.

During November 2012, 20 samples were taken frarRiver Meuse (12 by gillnetting and
8 by boat electrofishing). Four days of samplingeweecessary on each reach. The samplings
were taken at different sites during the studythimreach of Hastiere, 5 gillnet sampling and
5 electrofishing were done. In the reach of Vidé& balance between gill netting and
electrofishing has not been respected becausenofvailability of bank less than 1.5 meter
deep. In this reach, 7 gill nettings and 3 eleitohg were done. Gillnetting was performed
with a set of 3 to 8 gillnets (length: 50 m; heightm) with different mesh sizes (15, 20, 25,
30 and 40 millimetres). Gillnets were exposed ia thain channel for 1 to 6 hours during
daytime. At the same time, an electrofishing wasiea out along shallow banks in an
upstream direction. The generator consists in aW #lternator delivering a continuous
current (150 - 300 V at 3 A). The cathode was figabn the rear side of the boat. Three
persons were used, one boat driver, one dip natidrone hand-held anode. After sampling,
fishes were identified. Roach were measured to rtearest mm (Total length) with a
measuring board and weighted to the nearest githdilly. Identification as marked or
unmarked roach was done by three persons for aataeporting of marks.

Stocks estimates

The principle of the mark-recapture model is tihat tatio of fish unmarked capturedo the
total populationN is the same as the ratio of fish marked captuned the total fish marked
M (Gatz & Loar, 1988). Estimates by the Petersen atethere obtained using the following
equation (Petersen 1896):

N=nsm/M (1)

Upper and lower confidence intervals (95%) wer@resgted with Poisson approximation to
the hypergeometric distributions. Procedures asduimeg the proportion of recapture fish is
binomially distributed. Confidence limits are reaff Poisson distribution frequency by
entering observed number of recaptured fishLimits obtained are substituted fam in
equation (1) and corresponding limitshbfre calculated (Ricker, 1975).

Estimates have also been investigated with thesdak positive method (2) (Jackson, 1939).
With this method, marking occurs on one occasidlovieed by multiple recaptures events
(Begon M., 1979):

No =10/q0 (@)
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Whereqp = marked proportion of a hypothetical random santgken on da
ro = number of individuals marked and released onQday

Methods for estimatingy and confidence intervals b are reviewed in Begon (1979).

Estimate of biomasB is calculated by the formula (3) usiNgand its confidence limit (1 and
2).

B=NxP (3)
WhereP = Average weight

Capture per unit effort

In addition to stock estimates, stocks dynamics &alss approached with gillnet catches per
unit effort (CPUE). Even if CPUE doesn’t reflect astimate of density, it can show

proportional changes in stocks (Peltoretral, 1999) and give additional information. Data
from gillnets with mesh size 20 and 30 mm were usgdUESs are reported in catch per
square meter per 30 minutes of fishing effort.

Because of unequal size samples and variance peterity, we used Welch statistic (Welch,
1951) to compare CPUEs. Multiple Welch paired-tegése performed to test significant
differences between years in CPUEs with the samshnséze. Corrections for multiple
paired-tests were assessed by sequentially regeBtiwnferroni test (Holm, 1979).

Dynamics of roach populations

Age and growth rate were read from scales (Man@3l9Between 3 and 10 scales were
collected from 56 specimens caught in each reacdileS were taken above the lateral line up
the dorsal fin. After removing mucus, scales wered on slides. Age reading was carried out
independently by two persons. After age accordamagsures of radii (to the nearest mm)
were carried out on the posterior field using aobular. Total lengths at different ages were
back-calculated using the Lee (1920) formula usmaasures of radii. Growth was described
by the Von Bertalanffy growth curve (VBGC) modelefBalanffy, 1938) described by the
equation (4):

Ly =Lo» (1— et @)

WhereL; = Total length at age
L., = Asymptotic length or Maximal size
K = Growth coefficient
to = Hypothetical age when length equal O

The method of Ford-Walford was used to determiryenasotic lengthL... Growth coefficient
K and theoretical age were determined using the Von Bertalanffy method.

We used @’ index of growth performance (Pauly & Wtyn1984; Naddafet al, 2005)
calculated by formula (5) in order to compare gitowt roach between years and sites:
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@' =In(K) + 2 * In(Le) (5)

The instantaneous rate of total mortaltywas estimated using length-converted age catch
curve using the equation of Von Bertalanffy andrégorting age on the X-axis and natural
logarithm of number of individuals by cohort on thieaxis. The regression is equal to (6):

In(N,) =a+b=t (6)
Total mortalityZ is equal tob (Ricker, 1975; Pauly, 1997).

Instantaneous rate of natural mortaNfywas estimated using the empirical equation of Pauly
(1980) (7):

log(M) = —0,0066 — 0,279 * log(L,) + 0,6543 * log(K) + 0,4634 * log(T) (7)

WhereL., andK are from the VBGC (4)
T = Mean annual water temperature (°C)

Instantaneous rate of fishing mortality was calculated as the difference between
instantaneous rates of total and natural mortédity

F=Z-M (8)

The ratio of instantaneous rate of fishing and |totartality was calculated to estimate
exploitationE (9):

E=F/M )

Fish population analysis

For tracking the long term evolution of fish pogida, we follow two fish passes, at Tailfer
dam on the middle Belgian Meuse and at Lixhe danthen_Lower Meuse. At Tailfer, fishes
were captured with a trap for the following yeat989 to 1994, 2006 and 2009 to 2011.
Fourteen pools composed the fish pass (1.95 xX&F5 m) each dropping in elevation by
(0.13 - 0.15 m). Discharge at the outlet is close®.24 m3.2 and water velocity over the
traverse is about 0,9 ri-gPrignonet al, 1998). All fishes were counted except young ef th
year and common blealilpurnus alburnusbecause of high abundance during the nineties.
During migration peaks, fishes were collected edai. Outside migration period, the trap
was checked two times a week. The trap placedeamufiper pool of the pass had a shape of a
cone at the entrance and a steel grid (1 cm witledes bars) at the exit.

Lixhe dam has two fish passes put into operatioh980 and 1998. The older is a pool and
weir pass of 48 m length composed of 56 pools X169 x 0.4 m) with 2 cones trap at the
upper pool. The new one is a pool and vertical phds of 305 m length composed of 26
pools (1.4 x 1.1 x 1.5 m) with a cage at the ugymi. The mean discharge was respectively
0.135 and 1.0 m’s We have followed the 2 fish passes from 19990tt22 During migration
peaks, fishes were collected each day and alldisleze counted except young of the year.
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Species abundance was expressed as CPUE. Foresachveg divided fish abundance by the
period of sampling (in month). We excluded of tmalgsis two introduced species (Brook
trout Salvelinus fontinali@end Rainbow trouOncorhynchus mykissand species accounting
for less than 5% of the total fish sampled.

We used 8 physical and chemical parameters (oxyggnration, ammonium, nitrite,
phosphorus, water temperature, chloroplylpH and discharge) collected monthly close to
fish pass by the Environment and Water Departméthe Public Service of Wallonia. We
included in our study one biological variable: thember of Great Cormorant attending
during winter in the same reach of our samplingssit

We used three kinds of approaches for processitay &ast, a redundancy analysis (RDA)
was carried out to compare relationships betweanalachanges and environment variables
(R-software package Vegan). We standardized theamaental variables and transformed
abundances with square roots or Hellinger methokis§@enet al, 2013). We used a
permutation test (package Packfor) in an aim tmtifle explanatory variables which were
significantly correlated with fish populations (rat al. 2007). Next, we applied a cluster
analysis based on site coordinates of the two fiastiorial axes of the RDA with a Ward'’s
linkage algorithm (Ward 1963) in order to assendile samples in larger groups with similar
characteristics. Secondly, we compared total CRLARJE per taxa association, diversity, and
Shannon index of the different groups determinexVipusly with the clustering. We used a
one-factor MANOVA for improved significance. Thirdie studied biological and ecological
fish traits with a Fuzzy Principal Component An&@yfChevenett al. 1994). Traits which
are uninteresting for our study or redundant wendueled. Finally, we selected 3 biological
and ecological traits (Feeding habitat, Feeding édlamber of oocytes / g of fish and Number
of spawning events) divided into 10 modalities bjnaoded from Buisson & Grenouillet
(2009). Fish assemblages were described by cro$isimgroportions and their affinity for
each modality.

Results

Density estimates

A total of 462 roach unmarked were caught by etdistning and gilinet in the reach of Vise.
Gillnet catches represent 99.8% of capture. On 8686h marked, 71 have been recaptured
during the sampling period. Recapture percentag®84%. Most of recapture are due to
gilinet sampling, whether 90% of all recapture. iDe reach of Hastiére, a total of 241 roach
unmarked have been caught, mostly by gillnet sargplRecapture percentage is 3.75%.
Most of recapture are due to electrofishing (62%n@ banks. The highest recapture
percentage is found in the reach of Hastiére.

Abundances of roach in the River Meuse have beesstigated by mark-recapture method.
As seen in Table 1 and Table 2, a decrease in a&stthdensities in the reach of Tailfer is
detected. Between 1993 and 2002, roach stock aggpeanstant. Its density was comprised
between 10426 (8935-12166) and 4341 (3668-5138hrba’ according to Petersen method
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and between 3699 (2556-5352) and 3035 (2157-38@6prding to Jackson method.
Estimates conducted in 2001 and 2002 tend to lgighla decrease according to Petersen
method in this reach although estimates by Jacksetiod reveal a steady stock (data for
2001 not presented). More, CPUEs obtained betw868 &nd 2002 from gillnet with mesh
size of 20 and 30 mm show no significant differe(féig. 1). In 2010 and 2011, a new study
was conducted on the reach of Tailfer and its agmichs are that roach stock has undergone a
drastic decrease in less than 10 years. Both metgo@ approximately the same results.
Even if no historical data exists on reaches Hestéd Visé, roach stocks appeared close to
results obtained in the reach of Tailfer betweeb(8nd 2011. Petersen estimates conducted
to a density of 240 (191-303) roach'fia the reach of Visé and a density of 140 (125)158

the reach of Hastiére (Table 1). According to Janksstimates, density in the reach of Visé is
233 (212-256) roach Haand 127 (70-230) in the reach of Hastiére. Estsapproached by
the two methods show similar results for years 28id 2012.

Table 1:Summary of Petersen estimates and resulted demmgithiomass obtained

Year sie A2 Recapun - Catch .. Density(oachhy _  _ Biomasskghd Size

(ha) rate (%) n m Lower 95% Mean Upper 95% Lower 95%Mean Upper 95% class
1993 Tailfer 76.4 1.73 9315 13768161 796577 8935 10426 12166 480.9 561.2 654.8 91-310
2000 Tailfer 76.4 2.16 1044217997 226 831528 9554 10884 12399 575.1 655.2 746.3 51-370
2001 Tailfer 76.4 0.65 15450 2822 101 431682 4650 5650 6865 280.2 340.5 413.7 61-300
2002 Tailfer 76.4 1.31 10300 4347 135 331660 3668 4341 5138 220.8 261.3 309.3 51-370
2010 Tailfer 76.4 2.20 10100 761 222 34622 397 453 517 8.8 10.0 11.4 91-340
2011 Tailfer 76.4 1.04 10000 303 104 29135 315 381 462 195 23.6 28.6 61-290
2012 Visé 230.0 0.84 8500 462 71 5531 191 240 303 125 15.8 19.9p 21-3BO
2012 Hastiére 45.8 3.75 7500 241 281 6432 125 141 158 9.0 10.2 11.4 lf 61-340

Table 2:Summary of Jackson estimates and resulted densithiamass obtained
Biomass (kg hd)

Density (roach hd)

Year Site No  rmmmmmm oo o T Size class
Lower 95% Mean Upper 95% Lower 95% Mean Upper 95%
1993 Tailfer 282599 2556 3699 5352 137.6 199.1 288.0 91-310
2000 Tailfer 240248 2021 3145 4892 121.7 189.3 294.5 50-370
2002 Tailfer 231863 2157 3035 3805 137.1 182.6 230.5 51-370
2010 Tailfer 36159 380 473 590 8.5 10.6 13.2 91-340
2011 Tailfer 11412 91 149 245 5.7 9.3 15.2 60-290
2012 Visé 53617 212 233 256 13.9 15.3 16.8 121-330
2012 Hastiére 5799 70 127 230 5.0 9.2 16.6 61-340

Capture per unit effort
Values and confidence intervals (95%) of CPUEssai@wvn in figure 2. CPUEs obtained in
2012 on both sites are not differept0.27 for gillnet of 20 mm and = 0.96 for gillnet of
30 mm). CPUEs in 2012 for gillnet with mesh size&26fmm are highly different from 2000
and 2002 <0.01) but not different for CPUEs from 1993 an@2( >0.06) after correction
with sequentially rejective Bonferroni test. CPUBS2012 for gillnet of 30 mm are highly
different from 2000, 2001 and 2002<0.001) but not from 1993 0.40 and 0.46). CPUEs
values for gillnet of 20 mm of 1993, 2000, 2001 &@D2 are not differentp(>0.07).
Comparison of gilinet of 30 mm for years 1993, 208001 and 2002 gives the same result (
>0.40).
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Fig. 2: CPUE for gillnet 20 and 30 mm obtained in the remscbf Tailfer (TAI), Hastiére
(HAS) and Visé (VIS), confidence interval of 95%
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Dynamics of roach populations

VBGC for roach in the River Meuse are given in fig@. The parameters of the VBGC fitted
to mean back-calculated TLs at age and performambex @' are shown in Table 3. It
appears that roach populations in the reaches stiéda and Visé have a growkhcomprised
between those estimated for the reach of Tailfet2(o 0.22). Asymptotic lengthk,,
estimated in 2012 are close to those estimateddeetd989 and 2002 but higher than in 2010
and 2011 (Fig. 3; Table 3). For the reach of Tgilessymptotic length tends to decrease
between estimates of 2010/11 and 1993/2002 whaerthyr stays stable. Growth performance
index @' reveals a low variability between estinsat€he highest value is found in the reach
of Visé and Hastiére.
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Fig. 3:Von Bertalanffy growth curves obtained for differeoach stocks in the River Meuse
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Table 3:Growth parameters of VBGC, performance index (@iprtalities and exploitation
of roach

Sites Year L, K A %) VA M F E
Waulsort 1989 421 0.15-0.5 10.2
Waulsort 1990 451 0.12-1.0 10.1
Tailfer 1993 352 0.20-0.3 10.1 0.71 0.40 0.31 0.43
Tailfer 2000 431 0.12-0.5 10.0
Tailfer 2001 322 0.22-0.4 10.0
Tailfer 2002 371 0.19-04 10.2
Tailfer 2000 - 2002 368 0.18 -0.4 10.1 0.69 0.38 0.31 0.45
Tailfer 2010 302 0.20-1.0 9.8 0.92 0.45 0.47 0.51
Tailfer 2011 316 0.18-0.6 9.8 0.60 0.40 0.20 0.33
Hastiére 2012 438 0.150.8 10.3 0.82 0.33 0.49 0.60
Visé 2012 385 0.21-0.6 10.3 0.78 0.45 0.33 0.42

Mortality rates and exploitation are given in TallleValues of total, natural and fishing
mortalities are relatively stables through yearsdurent mortalities are slightly higher than
historical data. Exploitation, which reflects affppes of mortalities, is high in the reach of
Hastiére. In the reach of Visé, exploitation is ésvand comprised between estimates for the
reach of Tailfer.

Fish population analysis

Tailfer pass - During the last twenty years, we observed an ingiwvesmodification of the
fish population in the River Meuse. Some specieghvioverlooked population in the past
appeared now only occasionally. From 1989 to 189hean of 2283+1403 fishes per month
were captured at Tailfer. During last years, weaeat a significantly decreasp € 0.01) with
441+413 catches (Fig. 4). Diversity follow the satrend, with a significantly decrease of
30% ( = 0.001). On the other hand, equitability (Shanmatex) increases slightly but not
significantly.
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Fig. 4:Evolution of the mean annual fish caught at thdf@apass

The first two axes of the RDA explain 66% and 18Rthe total variation respectively in the
data set. The temporal evolution was strongly ¢ated with the first axis of the RDA (Fig.
5a) and we could identify two groups of sites am fiéectorial map confirmed by the clustering
on the RDA axe (Fig. 5b). At the bottom left, wedithe sites sampled before 1994 (group 1)
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and at the top right the sites sampled after 2@@6up 2). The first group is more compact
than the second one which tells us that fish pajavas more similar in the past than
actually. If we analyse environmental variablespugr 1 is more correlated with a high
concentration of chlorophyld, discharge and phosphorus concentration. At theosife,

group 2 benefits from a higher density of Greatr@mnant, pH, oxygenation and temperature.

Secondly, we could observed that a lot of spedieslase of the origin of the first axe, which
means that just a few species could explain tharyeepartition. So, roach are greatly
correlated with group 1, and to a lesser exterd @eiguilla anguillg, silver bream Blicca
bjoerkng, common barbelBarbus barbusand dace. On the other hand, group 2 is corcklate
with gudgeon Gobio gobig, chub Squalus cephalygsnd minnow Phoxinus phoxinys

The permutation test realized on the environmeta ohalicated that only the concentration of
chlorophylla is significantly correlated with fish datp € 0.013).
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Fig. 5a: Time series of site scores on the first axis of rid@dundancy analysis of fish data
(RDA1=66%). Contribution of taxa (at the right) aedvironmental data (at the left) on the
first axis of the redundancy analysis. (ABL, comnid@ak; ANG, eel; BAF, common barbel,
BRB, silver bream; BRE, common bream; CCO, commarp;cCHE, chub; GAR, roach;

GOU, gudgeon; HOT, common nase; IDE, ide; PER, pelROT, rudd; SAN, pikeperch;

TRF, brown trout; VAI, minnow; VAN, dace) (Chla, lohophyll a; T°, temperature; Q,

discharge; Great Cor, Great cormorant; O2, oxygaturation; NH4, ammonium, NO2,

nitrite; PO4, phosphorus, pH ).
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Fig. 5b: Clustering on the RDA axes with centroids of the tgroups (group 1 in red and
group 2 in green). Environmental variables areaspnted by yellow line.

All species present before 1994 saw their populatiecrease after 2006 except for minnow,
gudgeon and chub. Species which endured the mestriant decrease & 0.001) were the
limnophile cyprinids living in the water column ékroach, dacelLguciscus leuciscyisand
rudd Scardinius erythrophtalmyisFor example, CPUE for roach dropped from 1950812
to 179+222 between the two study periods. Salmenatal benthic rheophilic cyprinid also
saw their populations decreasing (respectipety0.01 and 0.05).
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Fig. 6: Comparison of squared root transformed CPUE pex éssociation of the monitoring
of the Tailfer pass, * 0.5%, ** 0.01%, *** 0.001%

The fuzzy principal component analysis (FPCA, Cinetet al 1994) explains 82.8% of the
variation on the first axe and 14.3% on the secaxel The figure 7 clearly illustrates the
change in community structure along a temporaligradn the first axis of the FPCA. Once
more the group 2 is more variable on the FPCA tharfirst group. The feeding habitat and
the feeding diet were strongly correlated with teenporal gradient. Group 1 comprises
omnivorous fish which found mostly their food iretivater column contrary to group 2 with
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benthivorous and invertivorous fish. The proportmfncarnivore seems unchanged between
the two periods. Fish linked to group 1 were priéially monovoltin with a lot of oocyte by
female, in contrast to group 2 fishes which spawessd eggs several time a year.
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Fig. 7: Time series of site scores on the firssafithe Fuzzy Principal Component Analysis
of fish data (FPCA1=82,8%). Contribution of 10 miitikzs applied for 4 biological traits on
the first factorial plane (at the right) on thestiaxis of the FPCA.

Lixhe pass - At Lixhe pass, number of capture was dividedwy between period pre/post
2000 and by three between period pre/post 2006 @yigDuring the first period, 1437+185
fishes were counted each month, less than 596x1tiigdithe second period and 222+56
during the last period. By contrast, diversity gttannon index were relatively stable over
time with a mean of 21.2 species inventoried eaar.y

1800 - - 30
sy CPUE
1600 - -
-------- Diversity 25
§1400 Shannon index
£1200 20
€ 5
§ 1000 g
T; 800 S 15%
= 600 % § 0
SN
400 % \ \ \ 5
200 % % § §
o 4 W AN Lo

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Fig. 8: Evolution of the mean annual fish caught at thenkipass.

Axes of the RDA explain respectively 59 and 28%haf total variation in the data set. The
figure 9b classifies data into 3 different grouggup 1 gathered years 1999 and 2000, group
2 years 2001 to 2005 and 2008, group 3 years 20Q012. Along X-axis, we could observe
a clear temporal gradient with the historical yestrghe left and the recent years at the right.
On the X-axis, year 2008 was really close to gr8ujpan group 2 so we decided to gather
years from 2007 to 2012 in the groups 3.
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Three species (common bleak, roach and eel) weyegdy correlated with groups 1 and to a
lesser extend with group 2, a sign of decreaséhfse species with time (Fig. 9a). Silver and
common bream were more correlated with group 2 thier group. Other species were
located close to the axes origin because theirlptipa didn’t significantly change during the
study period. Five environment variables were dateel with the first RDA axe. Great
cormorant, chlorophyll a, temperature and phosph@®em more large before 2006 and
ammonium concentration increase over time. Otherir@mment variables were more
correlated with Y-axis which wasn’t made a cleardiency. However, the permutation test
realized on the environment data indicated thag tmé number of wintering Great cormorant
was significantly correlated with fish daga< 0.0261).

CPUE decrease significantly between groups ovee {gr= 0.001). Species most impacted
are common bleak (23.3+5.8, 11.8+5.1 and 3.0+Id¥¢h (20.1+0.5, 10.2+4.4 and 4.5+1.8)
and eel (17.8+1.5, 10.8+4.7 and 7.8+£3.0). One rtiore, group of species which endured the
most important decreasp € 0.001) were limnophile cyprinids living in theater column,
benthic limnophile cyprinidsp(= 0.05) and anguillidagoE 0.05) (Fig. 10).
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Fig. 9a: Time series of site scores on the first axis of rddundancy analysis of fish data
(RDA1=59%). Contribution of taxa (at the right) aedvironmental data (at the left) on the
first axis of the redundancy analysis. (ABL, comnib@ak; ANG, eel; BAF, common barbel;
BRB, silver bream; BRE, common bream; CCO, commarp,cCHE, chub; GAR, roach;

GOU, gudgeon; HOT, common nase; PER, perch; ROdd;r&AN, pikeperch; SIL, wels

catfish; SPI, bleak; TAN, tench; TRF, brown trod&l, minnow; VAN, dace).
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Fig. 9b:Clustering on the RDA axes with centroids of thgrdups (group 1 in red, group 2 in
green, group 3 in blue sky and group 4 in deep)bkevironmental variables are represented
by yellow line.
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Fig. 10: Comparison of squared root transformed CPUE pen tagsociation of the
monitoring of the Lixhe pass, * 0.5%, *** 0.001%

The fuzzy principal component analysis explaing1%2 of the variation on the first axis and

30.2% on the second axis. The temporal changiraglglappears in the figure 11, and we can
identify the same temporal evolution and groupimgntin figure 9a and 9b. Opposite to the
Tailfer pass, Lixhe fishes were preferentially owamous and benthivorous during the
beginning of the 2000 but found their food nowadiaythe water column. The proportion of

invertivorous doesn’t change between the diffepgriods but the presence of carnivorous
increases over time. Fishes were preferentiallytivaltin during the beginning of the 2000

and monovoltin for the last years.
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Fig. 11: Time series of site scores on the firss ak the Fuzzy Principal Component Analysis
of fish data (FPCA1=52,4%). Contribution of 10 mltitss applied for 4 biological traits on
the first factorial plane (at the right) on thestiaxis of the FPCA.

Discussion

Estimates of roach density

Choice of mark-recapture method instead of remowethod was due to high complexity for
applying removal method in the River Meuse, whishtailarge (> 100m) and deep river (>
2m). Keslo and Shuter (1989) doubt the efficientyemnoval method for lake populations.
For these populations, the mark-recapture is thst mged method for estimates (Gresswell
al., 1997; Donkerset al, 2012). The method of Petersen also called Lindottex is the
simplest method to investigate a population (Belypon1979). This method often requires
polling of multiple catch effort which can hide bes of each catch effort (Donkess al
2011). Jackson method is more adapted for our sagplotocol. Following the need of a
large assistance for tagging, roach were marked emgle day. This single mass-marking
was followed by multiple recaptures events by mé@ team. These two aspects make the use
of the Jackson’s positive method efficient and exiely useful. This method is an extension
of the Petersen method which allows loss but no (B&gon 1979).

To meet mark-recapture general assumptions, maimgrecapture periods must be short
(Krebs 1999 in Donkerst al. 2011). In the present study, marking has been dare single
day and sampling was completed within 4 days oh eaach less than a week after dumping
of marked roach. This short period of time redugelations due to emigration and
immigration. It's assumed that no growth neithesrugment occurred during the sampling
period (Ricker 1975). The closed population assionpi@ppears to be met by dams
delimiting each reach. Further, estimates have beaducted out the reproductive migration
period during which roach migrate in an upstreameation for reproduction through fish
passes. The assumptions of zero tag loss weressgdirdy fin clipping and correct reporting
of mark by the use of three observers. Fin clippias chosen for its facility and rapidity of
tagging and because of non-regeneration possiblagdthe short period of sampling. Short
period of time between tagging and sampling shdwde reduced probability of unequal

90



mortality among unmarked and marked roach (Gressstell 1997). We assumed an equal
capture probability between marked and unmarkedhro®e have chosen roach grew in
captivity for tagging. It's the only possibility tmark a large number of fish in a short period
of time (one day). It was impossible to catch sugint wild roach in the River Meuse to mark
them. More, the most efficient technic to catchctoa gillnetting sampling. But this technic
is relatively destructive which brings the questmm the survival rate after being released.
The choice we made is without any behavioural lsi@seseen in the reach of Hastiére where
a lot of marked roach stayed hidden in aquatic tatg® more present in this reach which
can lead to underestimate the natural populatiomd¢ngasing marked fish capture. Recapture
rate in this reach is the highest in this study.ré/dhese roach can suffer higher mortality
compared with wild fish of the same age (Philippa@95; Brown & Laland, 2001).

Our results indicated that abundance estimates dk-necapture methods of roach in the
River Meuse are very low compared with historicatad In the reaches of Hastiére, Tailfer
and Visé, current estimates are below 500 roachasaording to both methods. The lowest
density is found in the reach of Hastiére with t@&ch h&. According to previous estimates
in the reach of Tailfer, roach population was eated to be comprised between 4000 and
10000 roach Ha according to the Petersen method. These estimhaies been confirmed
with the Jackson method which revealed a densitively stable comprised between 3000
and 3700 roach Ha Decline trend according to Petersen estimatemishighlighted with
Jackson estimates which corroborate best field reagens and experimental protocol.
According to field observations, estimates by Rser method in 1993 until 2002
overestimate roach density in the reach of Ta{lEsrard & Micha, 2003).

In the River Thames (England), roach stock has lwesstigated by ‘mark-recapture’ by
Williams (1965) and its density was estimated @0roach hé for roach over 10 cm fork
length. In Lake Tjeukemeer (The Netherlands), rodehsity was estimated to be 585 roach
ha'. This low density was attributed to scarcity obkenthos and competition from other
species (Goldspink, 1979). In Lake Arungen, a @itio lake in Norway, biomass of roach
was 550 kg ha in the 1980s (Eie & Borgstgrm, 1981). These edtmatrengthen the
abundance of roach in eutrophic environment. Elicgtion can have profound effects on
fish communities, with cyprinid fishes such as toatominating communities in these
environments (Willemsen, 1980; Winfield, 1991). Bloas considered as a trophic generalist
whom can use a large range of food from detritusamplankton, macrophytes and benthic
macroinvertebrates (Haydeet al, 2014). The River Meuse is a eutrophic river that
corroborates with the high density of roach foundthe 1990s and beginning of 2000s.
Nutrients concentrations show no sharp decreasegdilre study period (Pigneur et al. 2014)
which can explain the decline in fish stocks.

Gillnet CPUE has been widely used as an importamarpeter in monitoring abundance
changes or like an index of fish abundance (@liral, 2002, 2009; Mehneegt al, 2005).

Statistical comparisons of CPUESs corroborate previ@sults for estimated densities. CPUEs
obtained in 2012 by gilinet are significantly lowtyan those obtained in previous studies
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expect 1993 (gillnets 20 and 30 mm) and 2001 @ill20 mm). CPUEs for 2010 and 2011
(data not presented) have the same order of malgnthan 2012. As roach stocks are low,
CPUEs are low to.

Growth and mortality of roach

Growth can be considered to be normal for roacthéenreaches of Hastiere and Visé. The
parameteK which describe growth rate of the Von Bertalanffgwth curve is 0.15 and 0.21
year' in the reach of Hastiére and Visé respectivelyinia with past estimates in the reaches
of Tailfer and Waulsort. In other countries, growtlte of roach are 0.11 (for female) and
0.19 year (for male) in Lake Sapanca (Turkey) (Okgernedral, 2009), between 0.13 and
0.27 year in River Warta (Poland) (Przybylski, 1996), 0.2%a§" in Lake Maggiore (Volta

& Jepsen, 2008), 0.24 yéan Lake Piediluco (Giannettet al, 2014) (ltaly), 0.21 yedrin
Lake Geneva (France) (Ponton & Gerdeaux, 1987) @m® year in Lake Lugano
(Switzerland) (Guthruf, 2002). Regarding asymptdéngth, populations examined in the
present study show maximal lengths of 438 and 38% which are comprised between
estimates in Tailfer and Waulsort. In other cow#riour values are greater than estimates in
the Netherlands (206.5 mm) (Goldspink, 1979) dy1{857.5 mm) (Volta & Jepsen, 2008),
around estimates in Turkey (318 and 472 mm) (Okgeret al, 2009) and England (425
mm) (Wyatt, 1988) and smaller than estimate in LRlexliluco (478 mm) (Giannetet al,
2014). In the study of Lappalainetal (2008), regarding to latitude, our estimatesroirgh
rate and theoretical length are comprised betwedures reported. The @' values are 10.3 on
both sites, slightly greater than values repontedrevious estimates in Tailfer and Waulsort.
Values reported in literature, are 10.5 (Volta &skn, 2008), 10.9 (Giannetd al, 2014),
10.1 (Ponton & Gerdeaux, 1987), 10.6 (Guthruf, 20@2 Europe, 9.9 to 10.1 for Turkey
(Okgermanet al, 2009). The obtained @' values of roach are vérgecto reported values
from other countries.

Assumptions of the method used for estimating totaitality Z are a constant mortality for
all ages considered for the evaluation, a greapkamhich recovered a maximum of cohort,
each cohort must be recruited in equal quantitesuantil a critic length, vulnerability of each
group to capture is constant (Pauly, 1997). Finst second assumptions can be considered as
respected. Populations of roach in the reachesasfiéte and Visé exhibit relatively constant
total mortality over the entire range of ages saupihich is reflected by a high coefficient
of determinationré= 0.96 for Hastiere and= 0.92 for Visé). For the evaluation 8f8 and 7
cohorts have been used for roach stock in the rehdtisé and Hastiere respectively. Third
and fourth assumptions have been respected bytingjeaf the analysis cohorts which have
been under estimated following a low sampling efflue to gears used. Current estimates of
total mortality (0.78 to 0.82 yeay seem higher than past estimates (0.69 to 0.71 yea

In an exploited stock, natural mortality is the mdgficult parameter to estimate but is
important for models of stock managemeftpriori, this mortality must be estimated in
unexploited stocks (Pauly 1997). Following expltiita of stocks and insufficient catch
curve, we used the equation developed by PaulyO)1®@8estimate natural mortality. Natural
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mortality in the present study is very close tovmas estimates in the reach of Tailfer.
Fishing mortality is high in roach stock of Hastigleading to an over exploitation (60%). In
the reach of Visé, exploitation is similar to pastimates. In the reach of Tailfer, exploitation
stays constant between 1993 and 2002. A slightlyeased is revealed in 2010. In 2011,
exploitation is low (33%).

Fish population analysis

Although fish pass is an indirect selective fishkentory method, inherently unique, it is an
important tool in management to control fish popiola (Roscoe & Hinch, 2010).
Furthermore, in great river, there is no methodchluan offer a perfect sample of fish fauna.
Electrofishing and gillnetting have their own limi{Casselmamt al, 1990; Puseet al,
1998). In order to have a better evaluation of grear fishes, we should use a combination
of different technics (Goffaurt al. 2005). In our case, we can assert that fish pagtie
was a good estimation of fish population from theeRMeuse. This affirmation is right for
cyprinids at less because roach stocks estimaédizae previously on with other methods
flaunted the same trend.

In the Belgian part of the River Meuse, we obsersiade the beginning of the ®tentury a
decrease in fish populations with a reduction gitgee at fishes pass upper to 80%. Over the
last ten years at Lixhe for example, mean fishggucad each month decrease from 1437 to
222 (Fig. 8). Almost of the species followed thisnid, except exogenous species like asp and
wels catfish. At Lixhe pass, study duration wasfisigntly continuous to allows us to
precisely visualize the two decrease periods, B0Z0r the first and 2006 for the second one
(Fig. 8). However, we don’t have earlier data tiwatcould use as fish population reference
before arrival of invasive molluscs and Great caamt At Tailfer pass, we have older data
but intermediate data missed to allow us to sitaaturately the decreasing period (Fig. 4).
Although study time periods and typology were noalagous between Lixhe and Tailfer
pass, tendency was similar which implies that eanges concerned all the Belgian part of
the River Meuse.

Species mostly impacted are the limnophilic cypisnliving in the water column like roach,
dace and rudd but also the benthic rheophilic cygsilike common barbel and common nase
(Chondrostoma nasysAll those species had a zooplanktonic diet duearly stage of their
ontogeny (Nunnet al 2007; Dettmerset al. 2001). That's why we can preferentially
incriminate the decrease of zooplankton in the MeRs$ver (related with rarefaction of
phytoplankton due t@€orbiculaspp. invasion according to Pigneairal. 2014) as a probable
cause of decline. Moreover, at Tailfer pass theme significantly correlated linkp(= 0.0134)
between decrease of chlorophaliconcentration and fish fauna evolution (Fig. F8eding
habitat trait (Fig. 7) presents a similar tendendth the second group of fishes which fed
preferentially on the benthos contrary to the fgstup which found their food in the water
column. Increase of water clarity related with therrease of phytoplankton (Pigneairal.
2014) can’'t be counterbalanced by other primarydpection like macrophytes due to
important channelization and cleaning realisecheNeuse River during the last century. On
the other hand, massive filtration of the wateruomh and excretion of organic matter by

93



invasive molluscs must enhance the benthos andib@be to benthos organisms (Werner &
Rothhaupt, 2007).

Diminution of phytoplankton biomass at the Lixhespdess influence fish fauna than at
Tailfer. The correlation is not significant (Figa)d Furthermore, Lixhe pass is situated lower
in the basin river and benthic species represeat&dge part of fish population (Fig. 10).
Benthic fishes were already affected by the captliménution so the rarefaction of trophic
resources in the water column can'’t be the onlyaaiion. The most credible hypothesis is
the Great Cormorant predation which was signifigacbrrelated with fish population at
Lixhe (p = 0.0261). This avian predator could eat dailyeein 401 to 423 g of fish from
various species and class size (Evrard & Tarbe Y80@& could massively impact fish fauna
when its population is excessive. This specievedrat Lixhe in 1992, the mean individuals
wintering along the reach during 1995 to 2000 wkxsec to 972, with a max of 1370
individuals in 1997 (Paquet, 2011). The number oédb cormorant at Lixhe followed their
prey population and decrease massively in the beginof the 2007 to 2012 with a mean of
individuals wintering closed to 342. Unfortunatelye don't have fish data anterior to the
Great cormorant arrival. At Tailfer, the Great corant was present since 1994, with a pick
of 928 individuals wintering in 2001 along the reand must have influenced fish population
too.

Fish population structures have undergone deepfioaiibns between the last decades. Fish
population was really balanced during the 19904raonto the beginning of the 2000s which
saw their stability disappear as illustrated byufegs 5b and 9b where recently groups are
more scattered. Currently, fish populations of tRe&ver Meuse are disrupted due to
environmental modifications caused by allochthonspscies like invasive molluscs, Great
cormorant, asp and wels catfish. We can suppodefisiimpopulations cross a transitional
period which must be stabilised when biocenose fimtl a new equilibrium. But transition
period should not happen quickly because we hasentky found in the lower Belgian Meuse
a new allochthonous species, potentially invadive,Western tubenose gotBréterorhinus
semilunariy (Cammaertst al, 2012) which consumed molluscs and could reducasine
bivalvia population.

Conclusion

The River Meuse is a eutrophic river that corrobegavell with the high densities of roach
found in the 1990s and beginning of the 2000s. €urestimates reveal low stocks in three
reaches with less than 500 roach'h@his sharp decline had little impact on growttd an
mortality. Analysis of fish pass reveals a deepngean fish structure. Since the mid-2000s, a
drastic decline in phytoplankton biomass is hightégl and linked to invasion of Asian clams,
Corbicula Nutrients, except soluble reactive phosphaté stifficient for plankton growth,
show no significant decrease (Pignetiral 2014). We suspect a “bottom-up” effect on fish
populations following the 70% loss of primary pratan which cannot be replaced by
macrophytes because of channelization. A “top-doefiféct is also suggested as population
of Great Cormorant decreases since 2003 alongittez Reuse after a period of outbreak.
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Ce qu'il faut retenir de ce chapitre

Dans ce second chapitre, nous évaluons I'évoluties populations de gardons en Meuse
belge basée sur des données de capture-marquagedres des inventaires au filet maillant
et de monitoring de deux passes a poissons. LesétBones utilisées délivrent un message
similaire, les populations de gardons ont décrplds de 90% en I'espace d’'une dizaine
d’années en Meuse belge.

Les causes de cette diminution restent indeterrmin@ais l'analyse taxonomique et
fonctionnelle laisse suggérer que la diminution desssources planctoniques et
laugmentation des densités du grand cormoran peue®oir une influence sur les
communautées. La diminution du phytoplancton et zdoplancton pourrait limiter le
développement ou la survie des gardons lors des junes stades ontogéniques, et
'augmentation de la densité de prédateurs aviaifegencer la survie des gardons adultes.

Néanmoins, une étude des peuplements de poissaliseeépar Alonset al. en 2014 révéle
gue la population de gardon est restée stable erséfieancaise au cours de la méme période
en dépit des pressions similaires exercées syoj@slations. Au cours des chapitres suivants,
nous émettons I'hypotheése que les biefs aménagédaaoavigation fluviale offrent une plus
faible hétérogénéité de I'habitat ainsi qu’une dsité de ressources basales moins importante
gue les biefs impropres a la batellerie. En casad&action des ressources planctoniques, ces
facteurs pourraient impacter les populations ajosila niche trophique des communautés.
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Chapitre 3

Impacts of reduced habitat diversity and impaired
phytoplankton availability on the potential trophic niches of
aquatic communities
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Avant-propos

Le FMme chapitre analyse les niches trophiques potendieltles communautés de
macroinvertébrés et de poissons de deux statiorla diéeuse differement aménagées par
’Homme. Avec une approche basée sur les traitstbine de vie, nous comparons I'effet de
la diminution du phytoplancton au cours du tempslas niches trophiques potentielles des
communautés en fonction du degré d’aménagement adéMdéuse. Nous émmettons
'hypothése que les communautés de poissons etadeomvertébrés de la Meuse francgaise
ont été moins perturbées par la diminution desotesss planctoniques qu’en Meuse belge
du fait de la diversité des habitats et potentiediat des ressources alimentaires alternatives
disponibles (périphyton, végétation aquatiquesyipe...).

Ce chapitre est basé sur une compilation de domrméses en forme, traitées et interprétées
par l'auteur.
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Impacts of reduced habitat diversity and impaired
phytoplankton availability on the potential trophic niches of
aquatic communities

Abstract

Large rivers are particularly disturbed by physiegulation affecting quality of habitat and
reducing the diversity of trophic resource. In thiady, we analyzed the long-term trophic
niches trends of macroinvertebrate and fish comtiasnirom two differentially regulated
reaches of the Meuse River, both affected by redlwader column resources. We used trait-
based approaches to characterize the potentiahitropiches of the communities. We
hypothesized that the impact of the planktonic ease should have been lower in the less
regulated reach, regarding both community indi¥®s. provided evidence that the potential
trophic niches of the communities were affectetbah sites by the phytoplankton decrease
with a greater impact on the most altered sitethi less regulated reach, the functional
equitability and the specialization had increasethe trophic niches of the macroinvertebrate
communities during the decrease of the planktoesources while the indices stayed
constants in the channelized reach. The hydrawditugbations of the Belgian part of the
River Meuse appear to have homogenized the potamjghic niche of the communities
which could hypothetically contributed to decretiseresilience of the ecosystem and tend to
magnify trophic disturbances. However the resuighlighted previously, based on the
potential traits, have to be confirmed by the asialpf the realized trophic niche with another
approach as stable isotopes.
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Introduction

Large European rivers like Rhone, Danube, Rhine Miedse are particularly affected by
physical regulation mainly to control flood and ifaate fluvial navigation (Tockneet al,
2009). Dam constructions profoundly affect deptirrent velocity and flow (Middelkoopt

al., 2001) and river channelization reduces exchamy@den the flood plain and the river
bed. The combined influences of these pressureatiuely affected freshwater fish and
macroinvertebrate populations (Dudgeziral, 2006). In a retrospective analysis of American
western basins for instance, Gido and colleagu@s0)2found that more than 50% of species
recorded in historic collections disappeared, essalt from changes in flow regime and land
use, as well as from loss of habitat .

A well-established mechanism described by the streaologists is the role of habitat (see
River Habitat Templet theory for more informatidrgwnsend & Hildrew, 1994), in terms of
heterogeneity (distribution), diversity (number tgpes), complexity (spatial arrangement)
and variability over time (Ward & Stanford, 1995bjese habitat features play a key role in
the preservation of biodiversity (Ligeiet al, 2013) and in the capacity of the communities
to cope with environmental disturbances (Paleteal, 2010). Many freshwater organisms
need a large combination of habitats and resouiesccomplish their life cycle and the
rarefaction of spawning, feeding or refuge habitas direct consequences on the diversity
and abundance of the most sensitive species (W&th&ford, 1995a).

The structure and composition of the macroinvedatbiand fish assemblages are directly
linked with habitat heterogeneity and resource ladity which allow increasing trophic
niche size and reducing intra- and interspecifichai competition (Zeni & Casatti, 2014;
Faulks et al, 2015). For example, measures for flood manageraéfietting transversal
connectivity, bank erosion and substrate sedimient&iave contributed to reduced biological
production of rivers and floodplains and to deceeladiversity and quality of habitats (Aarts
et al, 2004). Some authors have demonstrated thatregutated South American rivers, the
flood pulse period increased the resource use gifi@tion of consumers and the
productivity of macroinvertebrate and fish (Castadt al, 2015; Sepulveda-Lozadsa al,
2017). Poorly adapted species could decrease or falvgeneralist species (Villéget al,
2010) which take advantage of vacant niches oragtiea facilitation on taxa destitute of
adequate shelter (Hermosd al, 2011). Resource fluctuation in an ecosystem cdndd
considered as perturbation which engender a ghithé trophic structure by remodeling
interactions (Cucherousset & Olden, 2011). As exXaspwe can cite in European and
American freshwaters and lakes the massive consompf phytoplankton by the zebra
mussel Dreissena polymorphavhich had in few years created a cascading eiiféctencing
many taxonomic groups from sediment bacteria (Rgset al. 2000; Smithet al 2011) to
piscivorous fish (Danielst al. 2005; Ward & Ricciardi 2007).

99



To highlight response of biocenosis following tactic and/or biotic disturbances and to
understand food web functioning, many studies renended the functional diversity
approach at the community scal®iaz & Cabido, 2001; Villéger et al, 2008).
Macroinvertebrates and fish are good indicatorsrafironmental degradation (Marzat al
2012), hydromorphological stress (Poff & Zimmerm@010) and changes in nutrient and
temperature patterns (Crosst al, 2005; Gafner & Robinson, 2007). Furthermore,
macroinvertebrate are particularly interesting ighhght trophic shift due to their diversified
feeding well described by ecologists (Tacketal, 2010) and their key position between
primary producers and higher trophic levels (Detf@est al, 2016).

The functional method was adapted from the conckpiche developed by Charles Elton. It
attributes to each species a role in the ecosydston, 1927) which can be interpreted as a
guild or a functional group in agreement to theaphic relationships (e.g. predator, filter-
feeder...) (Devictort al, 2010). Connecting the position of each speciegudds together
forms an ecological trophic network which represeahe functional niche of the community,
while studying the distribution and the evennestheke species or guilds in the community
trophic niche allows to determine the type andititensity of the disturbances (Devicter
al., 2010; Mouillot & Graham, 2013). In a degradeditat or perturbed environment,
mortality rates increase and trophic resourcesedser (Mouillotet al, 2013), which lead to
(i) an increase of trophic niche overlap which talvard a competitive exclusion (Jackson
et al, 2001; Haddaet al, 2008), (ii) a reduction of the functional evesselue to exclusion
of some trophic guilds or species (Mouillet al, 2013) and (iii) a decrease of specialist
species more sensitive than generalists (Devattal, 2010). For example, omnivorous fish
suffered less from river regulation and habitattidesion than specialized fish which tend to
rarefy in large rivers (Aartst al, 2004).

The utilization of the potential feeding traits obmmunities allowed to quantitatively
estimate trends in trophic structure of communitghas (Blancket al, 2007; Tacheet al,
2010; Cucherousset & Villéger, 2015). Each spetiai$ values €.g scraper, invertebrate
feeders...) weighted by their abundances are tramsfbras coordinates which define the
trophic multidimensional space occupy by the comityune. the fundamental trophic niche
(Villéger et al, 2010). Some ecological indices.d richness, evenness, divergence...) of
functional diversity were established to analyzettiophic structure of the communities along
a spatial and temporal gradient.

In this study, we used long-term trait-based areatgzcharacterize changes in the theoretical
and observed trophic structures of macroinvertebeaaid fish communities following a
massive phytoplankton decrease (Lati al, 2017) in two reaches of the Meuse River
differently regulated.

We hypothesized that:
0] phytoplankton reduction in the Meuse river has tleaffected trophic functioning
by reducing the trophic functional diversity, evess and specialization of
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communities with a lesser effect in the more restlihabitat, the less channelized
reach,

(i) the potential trophic niche was larger in the lekannelized reach due to the
probable availability of more varied basal food rees (as periphyton, aquatic
vegetation...).

Materials and Methods
Study area

The Meuse River rises on the Langres plateau inthNBastern France, flows through
Belgium and Netherlands, and ends up in the Duéita éfter joining the Lower Rhine. The
total length of the river is close to 925 Km forcatchment area of 36,011 km2. The main
characteristics of the river basin and of the riiiself were summarised in Desey al in
Tockneret al (2009). During the last 150 years, the river e heavily transformed for
navigation and flood control mainly along the Balysection. Sixteen dams are located along
the Belgian sector and river channelization protbyraffects depth, current velocity and
lateral connectivity. By contrast, the French smtitonserves their ecological functions and
biodiversity due to relatively limited flow reguiah measures (Grevillict al. in Tockneret

al., 2009). The shallowness of the river allows tlegallopment of diverse vegetation from
periphyton to helophytes and hydrophytes. The i@pazone is quite well developed and
contributes to increase the habitat heterogenBigg¢yet al in Tockneret al, 2009). During
the last 25 years on the French and Belgian Riveudd, water temperature increased close to
1°C and the phytoplankton and zooplankton biomassredsed (- 85%) as well as
orthophosphate, nitrate and suspended mater caatiens (Latliet al, 2017). The present
study was conducted in three reaches of the Rivardd: Ham sur Meuse (N 50° 6’ 36", E 4°
46’ 49”) in France, Waulsort (N 50° 12’ 56", E 49'437") and Tailfer (N 50° 23’ 53", E 4°
52’ 54”) in Belgium, located 469, 488 and 522 kreprectively from the source.

Data acquisition

Macroinvertebrates

Data were provided from EDF for the French site &imdh DEMNA for the Belgium site.
Benthic macroinvertebrates were sampled in sumnoen 1998 to 2010 at Ham sur Meuse
(France) with the IBGN (“Indice Biologique GlobabNnalisé”; NF T90-350, 2009) protocol.
In Waulsort (Belgium), a protocol adapted for degegers and derived from the IBGA
(“Global Biological Index Adapted to large freshemativers”, Gay Environnement & Agence
de I'Eau Rhéne-Méditerranée-Corse, 1997) was ukkseglio-Polatera & Beisel, 2002).
Taxon abundances (x) were determined and ideritdicdevels were harmonised at the
family level. Taxa abundances were log(x+1) trarmefm to normalize the distributions.

Fishes
Data were provided by EDF and ONEMA for the Fresdk and by SPW-SP and Namur-
University for the Belgium site. In France, eleégbing (from a boat) was used in spring, to
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sample fish communities over the 1987-2011 pertddaan sur Meuse. In Belgium, data have
been provided by the survey of fish passages mladders at Tailfer over the 1989-2011
period. Fish were collected daily in a trap placedhe upper pool of the ladder when the
migration peaks occurred, and twice a week outgidemajor migration period. All the fish
species were identified and species abundancesestgneated. Annual fish abundances were
expressed as monthly averages. The whole dataasetog(x+1) transformed to normalize
abundance distributions.

Data analysis

Biological trait and functional metrics measurement

We focused on two congruent life-history traitsesétd from published European data bases,
the trait feeding habits for the macroinvertebrgfeschetet al, 2010) and the trait feeding
diet for fish (Blancket al, 2007). Each trait was resolved in different gatees (Figures 1 &

2). Each taxon was coded according to its affitotgach trait category using a fuzzy coding
approach (Cheveneadt al, 1994). The resulting relative affinity scores tbe taxa were
multiplied by their In(x+1)-transformed abundancasa given date (i.e. within a given
invertebrate — or fish - assemblage sample). Thghted affinity scores of the categories of
each trait were finally divided by their sum, prdwig the mean (relative) trait profile of the
assemblage at a given date (see e.g. Archaimétaallt 2009 for further detail).

Based on this matrix, we created a functional-sp#ce using a principal component analysis,
as proposed by Villégast al, (2008) in order to describe the functional cheeastics of the
communities with three different metrics (Villéggtral., 2008) :

- Functional richness (FRic): This metric considérs volume of the hull filled by the
community in the functional-trait space. A largeluroe involves an important
diversification of the functional characteristidstioe community.

- Functional evenness (FEve): This metric relates nbgularity with which the
functional-trait space is filled by species weightaey their abundance. This index
decreases when a significant number of individuadse the same functional
characteristics.

- Functional specialisation (FSpe): This metric eates the mean distance between
species in the functional-trait space weightedhgirtabundance. As for the previous
index, FSpe decreases when a significant numbéaxaf have the same functional
characteristics.

All of these indexes tend to decrease with pertimha (Mouillotet al, 2013).

Statistical analysis

Temporal trends of categories of trait and funalometrics were examined over the study
period using Generalized Additive Models (GAM; Fésvset al, 2000) and modelled as a
smooth nonlinear function of time. Autocorrelatierror was reduced by adding a residual
autocorrelation structure, optimized by minimizindpe AIC criterion over several
combinations of autoregressive parameters (Zuwal, 2009). We statistically compared for
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each categories of trait and functional metrics suead the site effect, the chlorophyll-a
concentration effect and their interaction with iaeér least-squares regression analysis.
Normality of data and residuals were analysed wit8hapiro-Wilk test (Shapiro & Wilk,
1965).

Results

The taxonomic diversity and the portion of the fimetal space (FRic) filled by the
macroinvertebrate communities of the two studigdssivere relatively constant over time
(Table 1). However, at Ham sur Meuse these indstightly increased and became similar to
those at Waulsort. The macroinvertebrate taxonatversity was higher at Waulsort than at
Ham sur Meuse and did not change over time budéniie functional space, many changes
occurred across time or sites. The relative aburelah the numerous traits (FEve), in other
words the distribution of the potential resourcesduby the macroinvertebrate communities
increased in Ham sur Meuse in relation with th@phyll-a concentration (pval = 0.04), but
did not change significantly in Waulsort. The fuontl specialization (FSpe) increased in
France but remained constant in Belgium (R? = 048] = 0.03 and 0.44 respectively).
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Table 1: Statistical evaluation of time and sitee@f with a linear least-squares regression
analysis of functional metrics and utilization fuemcy of eight categories of the trait feeding
habits of the macroinvertebrate communities ongites of the Meuse River (Ham sur Meuse
in France and Waulsort in Belgium) during the 1288-1 period and four categories of the
trait feeding diets of the fish communities on tsvtes of the Meuse River (Ham sur Meuse in
France and Tailfer in Belgium) during the 1989-2@&tiod.

Temporal evolution Linear regression
Index R%-adj France Belgium P-val R%-adj
1 . . 1
(/1) Trend p-val Trend p-val| Site [Chla] [Chla]*Site (/1)
Y
§ Taxonomic
s . 0.01 - 0.23 - 0.89]0.02 0.11 0.08 0.19
g diversity
(7]
o
£ 2 FRic 037 | - 01 - 071]001 <0.01 <0.01 | 027
g 2 FEve 0.14 A 0.04 - 0.46|0.50 0.03 0.04 0.36
= § FSpe 0.49 A 0.03 - 0.44)0.06 0.42 0.25 0.15
: .
S Taonomic e [ a4 w01 - 006|052 0.02 0.03 0.13
- diversity
c
E ﬁ FRic 0.51 0.1 N <0.01|<0.01 0.35 0.53 0.36
o
FEve 0.72 N <0.01 A <0.01/<0.01 <0.01 <0.01 0.42
FSpe 0.31 . 0.06 N 0.04|0.01 0.46 0.59 0.15
Absorber 0.32 - 0.43 - 0.06]0.99 0.22 0.83 0.2
o Deposit 0.8 2 002 A 0.02|011 075 0.32 0.13
® feeder
g Shredder 0.21 - 0.72 N <0.01/0.78 0.82 0.82 0.21
" @ Scraper 0.51 A <0.01 - 0.2 |0.07 <0.01 0.01 0.53
:‘c—'; 'g Filter-feeder 0 - 0.65 - 0.7310.05 0.97 0.85 0.47
8 & Piercer 0.4 N <0.01 - 026|010 0.14 0.24 0.11
g’ = Predator 0.58 N <0.01 N <0.01/0.08 <0.01 0.22 0.67
g Parasite 0.42 A <0.01 - 0.8110.23 0.19 0.27 0
()]
jS
nvertebrate  hoc | a4 <001 2 <0.01<0.01<0.01  <0.01 | 075
. feeders
-E Omnivorous  0.55 - 0.53 N <0.01/<0.01 0.15 0.06 0.46
Piscivorous 0.26 N <0.01 - 0.66]0.04 0.13 0.36 0.11
Carnivorous 0.92 N <0.01 N <0.01/<0.01 <0.01 0.21 0.66

Five macroinvertebrate traits significantly changectoss time along the studied period
(Table 1 and Figure 1). Abundance of predatorsifstgmtly decreased over time at both sites
(R2 = 0.58) in relation with the chlorophyll-a cemiration (pval < 0.01) and the proportion of
piercers declined at Ham sur Meuse (R2 = 0.4, pM@D1). Abundance of scrapers increased
more at Ham sur Meuse (R2 = 0.51, pval < 0.01) taaWaulsort, in relation with the
diminution of concentration of chlorophyll-a (pval0.01). Whereas the amount of shredders
declined at Waulsort (R2 = 0.21, pval < 0.01)efifeeders were significantly more abundant
at Waulsort than at Ham sur Meuse (R2 = 0.47, p\@aD5).
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Figure 1: Temporal evolution of functional metriesd utilization frequency of eight
categories of the trait feeding habits of the misstertebrate communities on two sites of the
Meuse River during the 1998-2011 period. Temporahds were modelled using a
Generalized Additive Models with residual autoctatien structure. Dashed line and “plus”
corresponds to Ham sur Meuse site (France) and $ok and “circle” to Waulsort site

(Belgium).
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At Ham sur Meuse (Table 1, Figure 2), the taxonodiuersity increased over time (R? =
0.61, pval < 0.01) and slightly decreased in Tailfeval = 0.06) in relation with the
chlorophyll-a diminution (pval = 0.03). Furthermoss Tailfer, the trophic niche (FRic)
decreased (R2 = 0.51; pval < 0.01) as well as ¢kative abundance of the specialized traits
(FSpe) used by the fish community (R2 = 0.31; pv&.04) which stayed globally lower in
Belgium (respectively pval <0.01 and pval = 0.04art in France. However, in Ham sur
Meuse FEve strongly decreased over time (R2 = Opfkal < 0.01) in relation with
chlorophyll-a concentration (R2 = 0.42, pval < Q,0&hile it increased in Tailfer (pval <
0.01).

All of the trophic traits studied significantly amged across time and sites along the studied
period (Table 1 and Figure 2). Abundance of inlmdte feeders increased strongly (R2z =
0.86, pval < 0.01) at both sites in relation witke tchlorophyll-a concentration, but the
augmentation was higher in Belgium than in Fratdewever, omnivorous taxa were less
represented at Tailfer and stayed constant at Harivisuse (R2 = 0.55, pval < 0.01 and pval
= 0.53 respectively). Abundance of predators, ®anous and piscivorous fish, significantly
decreased at Ham sur Meuse (respectively Rz = §\g22,< 0.01 and R2 = 0.26, pval < 0.01).
At Tailfer, the abundance of carnivores also desgdaover the studied period (pval < 0.01)
but they were less represented in Belgium thanranée (R2 = 0.66, pval < 0.01). No
piscivorous species were caught in Tailfer.

Figure 2: Temporal evolution of functional metriesnd utilization frequency of four
categories of the trait feeding diets of the fislmmunities on two sites of the Meuse River
during the 1989-2011 period. Temporal trends weoeletied using a Generalized Additive
Models with residual autocorrelation structure. lsts line and “plus” corresponds to Ham
sur Meuse site (France) and solid line and “cireteTailfer site (Belgium).
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Discussion

Our study provides evidence that the dramatic @deseren phytoplankton which occurred in
the 2000s in the Meuse River (Lagl al, 2017) has clearly affected the potential trophic
niche of the macroinvertebrate and fish communibieboth studied sites. One key result is
that deposit feeders have benefited from the iseré@a benthic resources (Table 2) following
the massive consumption of phytoplankton by invasnollusks, which have contributed to
transfer organic matter from the water column te thenthos (Pigneuet al, 2014). In
parallel, the proportion of invertebrate feedergha fish communities has increased (Table
2), possibly as a result of an increase of macesiebrate density. By contrast, the proportion
of predators has declined (Table 2) in both comtiesbut this trend may have been more
the consequence of an increased top-down pressarepfedation by the invasive Great
cormorant) than to a bottom-up effect related todbcrease of water column resources (Latli
et al, 2017).

Another result from this study is that the commiesitof the most regulated site have been
more affected by the phytoplankton decrease. Réatiy, there was a strong association
between the shift of trophic niche in the macronteferate community and the habitat quality.
The potential trophic niche was smaller in the Betgsite than in the more natural French
site, with fewer specialist taxa (Table 1) whichplias a stronger trophic competition in case
of resource diminution. In the French site, the m@awertebrate could benefit from an
additional resource, the periphyton whose developmeas limited in Belgium due to the
channelization of the river. The number of scragerainly molluscs) strongly increased in
France in relation with the decrease of the phyikton, which resulted in an improvement
of water transparency, promoting periphyton androytyte growth in the shallowest parts
of the river. Furthermore, shredder abundanee tfichoptera) declined in the Belgian site
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while it remained unchanged in France, possiblg essult of stronger trophic competition in

Belgium following to a lower diversity of resourcddoreover, at Waulsort, the number of

invasive macroinvertebrates in the community wahéi than that at Ham sur Meuse, which
can exacerbate the trophic competition. Sax anteamlies (2007) observed that a less
diversified system, with homogeneous functionsh@ tommunity, facilitated emergence of

exogenous species which can created an imbalancéhensystem and/or increases
competition.

Fish trophic guilds were also impacted by the res®decrease, mainly in the more regulated
site where the omnivorous fish were affected bysbeere decrease in zooplankton density
(Pigneuret al, 2014). Between the period 2010-2012 and th@'$92o0oplankton abundance
decreased dramatically, and the present biomasswadays less than 2% of what it used to
be (unpublished personal data). The biomass of iR@Ratilus rutilug, which dominated the
community in the Belgian part of the Meuse Riverimig the 90’s, has been reduced by 85%,
mainly as a result of the collapse of the watewuwl resources (Otjacquest al, 2015;
Otjacqueset al, 2016). However, this impact was lower in theslesgulated part of the
Meuse River in France (Alonst al, 2013). In parallel, the roach decline could halewed

the increase of the trophic evenness of the fishngonity in Belgium until the 2000’s (Table
1).

The hydraulic perturbations of the Belgian part tbe River Meuse appear to have
homogenized the potential trophic niche of the cemities (Table 1). However, a high
variability of functional groups in a community ddbutes to increase the resilience of the
ecosystem and tend to absorb disturbance by netathe same structure or function in the
system (Elmqgviset al, 2003). When the resilience of an ecosystem deglia small incident
can cause a shift in the community (Fo#teal, 2004), as we observed in the more regulated
river section, where the trophic resource diminutioduced a shift from water column
feeders to benthic feeders. Eventually, the sbifiiat be irreversible, or really hard to inverse,
and the return to the previous situation would nexja substantial modification of the biotope
(e.g. hydrological, climatic, trophic...; Folket al, 2004). Moreover, as in the case of most
disturbed ecosystems, the system did not retutinet@riginal situation because the deviations
from environmental conditions had affected ecosystiynamics and profoundly altered the
structure and the functioning of the communitiesigReet al, 2009). Cross and colleagues
(2013) observed on the regulated part of the Cdmmiver communities with low species
diversity, extremely sensitive to invasion, whickhibited changeable structural and
functional properties (Crost al, 2011)

Conclusions and caveats

Functional traits have been considered as effeqtiredictors of ecosystem processes,
allowing to reveal disturbances in community stioet from environmental alterations
(Mouillot et al, 2013). In this study, the functional indicesdzh®n the long term evolution
of the potential trophic niche showed that (i) thezrease of phytoplankton had affected the

108



potential trophic niche of the macroinvertebratel dish communities in both sites with a

greater impact on the most altered site, (ii) tslmmunities had also been disturbed by the
phytoplankton decrease which had benefited to bemlertebrate-feeders at the expense of
water column omnivorous fishes, (iii) the equitdapiand the specialization had increased in
the trophic niches of the macroinvertebrate comtmesi However, the results highlighted

previously based on the potential traits, have ¢ocbnfirmed by the study of the realized

trophic niche with another approach as stable o
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Ce qu'il faut retenir de ce chapitre

Dans le 3™ chapitre, nous avons émis I'hypothése que les aomamtés de poissons et de
macroinvertébrés de la Meuse francaise ont été snperturbées par la diminution des
ressources planctoniques qu’en Meuse belge du daitla diversité des habitats et
potentiellement des ressources alimentaires atteesadisponibles (périphyton, végétation
aquatique, ripisylve...).

Nous avons démontré que la réduction du phytoptanet affecté les niches trophiques
potentielles des communautés des deux stationstefbis) au fur et a mesure de la
diminution du phytoplancton, la spécialisation aimtaire ainsi que la diversité des ressources
potentiellement utilisées par la communauté tendeatigmenter en France tandis qu’elles
restent stables en Belgique. Ce résultat suggeeel’jomogénéisation de I'habitat peut

réduire sa résilience lors de perturbations tropdsg

Dans le chapitre suivant basé sur des donnéepigaas nous étudions 'origine des matieres
carbonées assimilées par la communauté de macrihk&s en comparant deux biefs de la
Meuse differemment aménagés. Nous analysons égaldemmeompétition trophique entre
différents taxons aux régimes alimentaires potengieoches. Nous émettons I'hypothese que
le recouvrement des niches trophiques est plusriampoen Meuse Belge du fait d’une plus
faible diversité potentielle des ressources priasair
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Chapitre 4

Overview of trophic niche and food competition of
macroinvertebrate and fish assemblages in two reaels
differently regulated of a large-river in a low phytoplankton
context
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Avant-propos

Au cours de ce " chapitre nous cherchons a caractériser les nicbpsiques réalisées des
assemblages de macroinvertébrés et de poissonsukesthtions de la Meuse différement
aménagées par 'lHomme. Basée sur une analyse atepds stables, nous modélisons dans
un premier temps les ressources primaires utilipéeda communauté de macroinvertébrés
sur les deux sites. Dans un second temps nous conyla compétition alimentaire, via une
analyse de recouvrement des niches isotopiquee k® populations de différents taxons
ayant un régime alimentaire théorique similaire.

L’inventaire ainsi que la préparation des échantdl ont été menés par l'auteur et “son”
équipe. L’analyse élémentaire des échantillons é rétlisée a I'Université de Liége
(laboratoire d’'océanologie) par I'équipe de LepdmtLes chapitres 3 et 4 ont été soumis en
une unique publication dans le journal hydrobicdogar le doctorant.

Latli A, Michel LN, Mathieu F, Jonathan M, Lepoi@, Patrick K (2018) Impacts of reduced

habitat diversity and impaired phytoplankton auality on large-river food web
functioning.
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Overview of trophic niche and food competition of
macroinvertebrate and fish assemblages in two reaels
differently regulated of a large-river in a low phytoplankton
context

Abstract

Large rivers are particularly disturbed by physiegulation affecting quality of habitat and
reducing the diversity of trophic resource. In thiady based on stable isotope approaches,
we characterized the realized trophic niches ofroiacertebrate and fish communities and
the competition among taxa from two differentiatggulated reaches of the Meuse River,
both affected by reduced water column resourceshypethesized that the trophic niche of
communities was wider and the niche overlap wadlema the less regulated reach due to a
potential higher availability of diversified basalsources. We provided evidence that (i) the
trophic niche was slightly smaller in the channatdizector, with a significant contribution of
allochthonous detritus and bryophytes at both gitesaxa in the most disturbed site had a
lower trophic niche overlap between sympatric comsts.
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Introduction

Diversity of microhabitats and presence of ripars&aras directly influence abundance and
quality of available food sources of the whole rime ecosystem (Pusey & Arthington, 2003).
Autochthonous production (periphyton, aquatic mpbyees...) depend mainly on the type of
substrate and on river depth (Vadeboncoeur & Lo8660) and allochthonous resources are
correlated with riparian canopy width (Pusey & Amtiton, 2003; Ferreirat al, 2012). The
structure and composition of the macroinvertebeate fish assemblages are directly linked
with habitat heterogeneity and resource availabilihich allow increasing trophic niche size
and reducing intra- and interspecific niche contjeti(Zeni & Casatti, 2014; Faullet al,
2015). For example, measures for flood managenféattiag transversal connectivity, bank
erosion and substrate sedimentation have contdbtgereduced biological production of
rivers and floodplains and to decreased diversity quality of habitats (Aartst al, 2004).
Some authors have demonstrated that in unregu&tath American rivers, the flood pulse
period increased the resource use diversificatibrcamsumers and the productivity of
macroinvertebrate and fish (Castediioal, 2015; Sepulveda-Lozadda al, 2017).

A diversified habitat offers many resources in tewhquality and availability (Jackse al,
2001) but also many shelters allowing organismsetist disturbances and recolonize the
environment. Habitat alterations weakens the systethmakes it more sensitive to stochastic
events (Scheffeet al, 2001) which could induce an abrupt shift in deenmunities. Poorly
adapted species could decrease in favor of gesesakiecies (Villégeet al, 2010) which take
advantage of vacant niches or predation facilitatom taxa destitute of adequate shelter
(Hermoso et al, 2011). Resource fluctuation in an ecosystem cdaddconsidered as
perturbation which engender a shift in the trophktoucture by remodeling interactions
(Cucherousset & Olden, 2011). As examples, we dén in European and American
freshwaters and lakes the massive consumption gfoplankton by the zebra mussel
(Dreissena polymorphavhich had in few years created a cascading eiféictencing many
taxonomic groups from sediment bacteria (Frischeral 2000; Smithet al. 2011) to
piscivorous fish (Danielst al. 2005; Ward & Ricciardi 2007).

To highlight response of biocenosis following tactic and/or biotic disturbances and to
understand food web functioning, many studies reunended the stable isotope tools
(Phillips et al, 2005; Calizzat al, 2012). Macroinvertebrates and fish are good atdis of
environmental degradation (Marziet al. 2012), hydromorphological stress (Poff &
Zimmerman, 2010) and changes in nutrient and teatper patterns (Crosst al, 2005;
Gafner & Robinson, 2007). Furthermore, macroinl@ete are particularly interesting to
highlight trophic shift due to their diversifiedef@ding well described by ecologists (Tachet
al., 2010) and their key position between primarydpicers and higher trophic levels (De
Castroet al, 2016).
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Analysis of stable isotopes™*C andd™N, were made in this study to quantitatively estena
trends in trophic structure of community niches ¢ferousset & Villéger, 2015). This
approach is a common integrative tool used in topcology to assess the realized
ecological niche (Parnedit al, 2010), to measure the trophic relationship betwereys and
predators (Laymast al, 2012) and to quantify the trophic repercussiohsiany ecological
processes (Fry, 2006). Moreover, this technic alaistinguishing the fluxes of energy
between biotopes(g.terrestrial to freshwater ecosystems) (Fry, 2006).

In this study with a stable isotope approach, weratterized the observed trophic structures
of macroinvertebrate and fish communities in a wvagshytoplankton decrease context (Latli
et al, 2017) in two reaches of the Meuse River diffdyeregulated.

We hypothesized that:
0] the trophic niche was larger in the less channélisach due to availability of
more varied basal food sources (as periphyton,teuegetation...),
(i) the niche overlap between taxa was weaker in tb® ¢bannelized reach which
allowed to reduce the trophic competition.

Materials and Methods
Study area

The Meuse River rises on the Langres plateau inthNBastern France, flows through
Belgium and Netherlands, and ends up in the Duéita éfter joining the Lower Rhine. The
total length of the river is close to 925 Km foicatchment area of 36,011 km2. The main
characteristics of the river basin and of the riiself were summarised in Desey al in
Tockneret al. (2009). During the last 150 years, the river e heavily transformed for
navigation and flood control mainly along the Balysection. Sixteen dams are located along
the Belgian sector and river channelization protbyraffects depth, current velocity and
lateral connectivity. By contrast, the French smtitonserves their ecological functions and
biodiversity due to relatively limited flow reguiah measures (Grevillit al in Tockneret

al., 2009). The shallowness of the river allows tlegalopment of diverse vegetation from
periphyton to helophytes and hydrophytes. The i@pazone is quite well developed and
contributes to increase the habitat heterogenBigg¢yet al in Tockneret al, 2009). During
the last 25 years on the French and Belgian Riveudd, water temperature increased close to
1°C and the phytoplankton and zooplankton biomassredsed (- 85%) as well as
orthophosphate, nitrate and suspended mater coattens (Latliet al, 2017). The present
study was conducted in three reaches of the Riveardd: Ham sur Meuse (N 50° 6’ 36", E 4°
46’ 49”) in France, Waulsort (N 50° 12’ 56", E 49'437") and Tailfer (N 50° 23’ 53", E 4°
52’ 54”) in Belgium, located 469, 488 and 522 kreprectively from the source.
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Stable isotope ratios

Sampling and isotope measurement

10 potential food sources (N = 507), 21 macroiretmdte taxa (N = 418) and two fish species
(N = 224) were sampled at both sites every two wekking 2013 to 2015 summers (Table
1). As potential food sources we sampled various t@f algae, bryophytes, hydrophytes,
bottom-deposited organic matter, periphyton, sudpdmatter (from 0.6 to 30 um and 30 to
100 um) and bank vegetation. Macroinvertebrateg wampled with a Surber sampler (mesh
size 500 um) along the banks and by scuba divinpenchannel. Macroinvertebrates were
conserved 24h alive in water for gut clearance theth they were identified to the family
level and frozen. We focused this study on 2 speoifefish, the European chuBdualius
cephalu$ and the RoachRutilus rutilug. Fish were sampled using an electrofishing apgroa
from a boat along the banks, with a 7KW generativdring a continuous current (150 -
300V at 3A). After sampling, fishes were identifieddividually measured (total length) to
the nearest mm with a measuring board, anestheteadificed using an excess of 2-
phenoxyethanol (3mL/10L freshwater) and rinsed wigionized water. Finally, we sampled
a part of the muscle of the fish before freezing.

Table 1: Sample numbers for stable isotope analysis

Ham sur Meuse Waulsort Ham sur Meuse Waulsort
Algae 12 13 Ancylidae 1 1
Bryophyte S 2 Baetidae 4 3
Hydrophyte 9 7 Caenidae 3 2

@ Decorpposed 17 13 Chironomidae 7 23

§ organic matter

§ Periphyton 32 28 Corbiculidae 34 51

- Fine suspended i

E offer ((f 30 32 82 Corophiidae 28 28

E Commsesspengiot 25 14 Dreissenidae 0 20

£ matter (30-100um) -

E Bank vegetation 11 25 § Ephemerellidae 2 4
Small size 39 48 € Ephemeridae 29 20
macroinvertebrates &

: »
;ff;;ffz ebrates 56 37 E Erpobdellidae 13 1

= Squalius cephalus 67 7 ; Gammaridae 40 44

& Rutilus rutilus 63 87 Heptageneiidae 1 0

Hydropsychidae 7 0
Limnephilidae 6 4
Lymnaeidae 3 3
Mysidae 0 8
Oligochaeta 8 11
Physidae 2 0
Rhyacophilidae 1 1
Sialidae 1 1
Simuliidae 3 0
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Samples were individually treated. They were dae@0°C for at least 48h and ground into a
homogenous fine powder using a mortar and a peStible isotope ratios measurements
were performed via continuous flow - elemental gsial- isotope ratio mass spectrometry at
University of Liege, using a vario MICRO cube eleits analyser (Elementar
Analysensysteme GmBH, Hanau, Germany) coupled tts@Rrimel00 mass spectrometer
(Isoprime, Cheadle, United Kingdom). Isotopic ratiwere expressed using the widespr&ad
notation (Coplen, 2011). Sucrose (IAEA-C&>C = -10.8 + 0.5%., mean = SD) and
ammonium sulphate (IAEA-N23*°N = 20.3 + 0.2%o, mean + SD) were used as certified
reference materials. Both of these reference nadgeare calibrated against the international
isotopic references, i.e. Vienna Pee Dee BelenfWiRBD) for carbon and Atmospheric Air
for nitrogen. Standard deviations on multi-batghlicate measurements of lab standards (fish
tissues) analyzed interspersed among the samplab €2andards for 15 samples) were 0.1 %o
for 5*°C and™N. Glycine (Merck) was use as elemental standamnd, elemental contents
were expressed as percentage of dry mass.

Isotope data processing

Isotope metrics

Based on isotopic analysis we evaluated with thgriamet al (2007) approach the trophic
competition between macroinvertebrates or fish taih potential similar diet. This method
estimates the trophic niche of a taxon by the afeaconvex hull comprising all individual of
a 5°C and "N isotope bi-plot. For reducing the sample sizeedaffwhich could
underestimate trophic niche area of small sampte, sive calculated the SEAc metric
(standard ellipse area corrected for small samplEsys index encloses 40% of the isotope
value of the population and represents the cortepso niche of the studied taxa (Jacksdn
al., 2011). It illustrates the potential trophic cagtipon among taxa according to the degree
of human perturbation of the French and Belgiagssiind to the resources availability.

We used a Bayesian mixing model (MixSIAR) to conegp#éine diet composition of the

macroinvertebrate community in each site (Pareehl, 2013). Trophic enrichment factors

were determined for each resources using the farrpubposed by Caut and colleagues
(2009).

Analyses were carried out with the R-software (R \&rsion, R Development Core Team,
2015) using various functions implanted in R byl&ger et al, (2008) for determining
functional diversity metrics and the packages “MAS’ (Stock & Semmens, 2013) and
“SIBER” (Jacksoret al, 2011) for modelling the isotopic trophic niches.

Results

The stable C and N isotopic composition of the nsoaorces of organic matter potentially
edible by the macroinvertebrate communities of tiwe studied sites exhibited a strong
similarity (Figure 1). Fine particulate matter (FHA(00.6 - 30 pm) and periphyton were much
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85N (%0)

less depleted i’C than the macroinvertebrate communities with fedéhce up to -8 and -9
% of & °C respectively at Ham sur Meuse and Waulsort, shgwiat these food items barely
contributed to the diet of macroinvertebrates. Bgntrast the isotope signature of
hydrophytes, algae and coarse suspended matteMCB®- 100 um) were closer to that the
macroinvertebrate communities, indicating a greatertribution to macroinvertebrate diet.
The main food source which was at the basis ofrtyghic network of the macroinvertebrate
communities of the French and Belgian sites wer Ibhyophytes (0.3 and 0.37 / 1
respectively) and the detrital organic matter (DOWR6 and 0.29 / 1). The origin of these
detritus was likely the bank vegetation, as indidaby the alignment betwee&®C mean
values of the two sources. Although tfi€ positions of the two allochthonous resources were
more or less in the midst of the macroinvertebradenmunities, autochthonous matter
appeared to contribute for just over half of thedbaesources used by the macroinvertebrate
community of both sites (0.52 / 1) with a dominan€¢he bryophytes.

Figure 1:5"3C (%0) and3™N (%o) values of the macroinvertebrate community gieah in the
Meuse River at Waulsort (blue) and Ham sur Meusd)(between 2013 and 2015. Symbols
represent individual isotopic value of each maarertebrate captured, grouped by feeding
groups (Tachegt al, 2010). Mean values and standard deviations tdrpi@al food sources
are represented by colored dashed lines (DOM: tdetarganic matter, FPOM: fine
particulate matter, CPOM: coarse suspended matter).
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Although the communities of the two sites studiedsuimed in the same order of magnitude
the same food sources (Figure 2), the communitiesesl only 65% of their isotope space
(Figure 3). At Waulsort the community had a lar§E€N gradient but a smallé*C gradient
than at Ham sur Meuse. The isotopic values of therainvertebrate community at Waulsort
were more™*C-depleted than at Ham sur Meuse while only oneergi@l food sources
sampled had more negatiV¥C/*°C ratio (bryophyte). The main components involvegrav
mostly Chironomidae, Trichoptera and to a lesse&r@xCorbiculidae (Figure 1).
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Figure 2: Diet estimation of the macroinvertebmaenmunities based on the individuatsC

(%0) and™N (%) values and the potential food sources sampted/aulsort and Ham sur
Meuse between 2013 and 2015 (see Figure 1).
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Figure 3: Isotopic overlap between two macroinyadée communities of the Meuse River
from 2013 to 2015 in a two-dimensional isotopic cspascaled by site. Blue and red
correspond to isotopic space of, respectively, Ham Meuse (France) and Waulsort site
(Belgium).Mean isotopic value (dot) and standardrefline) of each taxa is represented.
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The two graphs on each row of figure 4 describe iso¢ope niche of taxa which were
potentially in competition for a part of their di€n the first row, 3 taxa were represented, the
Chironomidae, an omnivorous family with multipleeténg habits (deposit feeder, filter
feeder, shredder and predator; Tacttetl, 2010). The two other tax&¢rbicula sp. and
Corophiumsp.) are invasive in the Meuse Riv€orophiumsp. is a shredder / deposit feeder
andCorbiculasp. is essentially filter-feeder, although thextlkean switch to pedal feeding in
the sediment when phytoplankton concentrationws(M/erner & Rothhaupt, 2007). At both
sites, the Chironomidae had a larger trophic ni@E€Ac = 3.7 and 5.9 on Ham sur Meuse
and Waulsort) than the two other taxa (SEAc < 2) hxe niche overlap at Waulsort was close
to zero, whereas it was around 0.2 at Ham sur M€lege 2).

Table 2: Comparison of stable isotope overlap efdbrrected standard ellipse area index for
5 macroinvertebrate taxa and 2 fish taxa sampldédvatsites in the Meuse River between
2013 and 2015

Ham sur Overlap probability (/1):

Meuse Waulsort
Ham sur Meuse > Waulsort
Chironomidae Corbicula sp. 0.23 0.02 1
Chironomidae -€orophium sp. 0.19 0.02 0.97
Corbicula sp. -€orophium sp. 0.21 0.004 1
Squalius cephalus Rutilus rutilus 0.11 0 1

On the last row of figure 4, the trophic nichedwb omnivorous cyprinids are displayed. As
previously, niche overlap was more pronounced ahlsar Meuse (Table 2) and roach was
mored**C-depleted than chub (Figure 4).
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Figure 4: Representation of the isotopic nichesnf'*C ands™>N values, for Chironomidae,
Corbiculasp.,Corophiumsp.,Squalius cephaluandRutilus rutiluscollected on the Ham sur
Meuse and Waulsort sites of the Meuse River bet2@d3 and 2015. The corrected standard
ellipse area (SEA comprises 40% of the sample of each taxon ($olé$). The convex hull
area (dotted lines) corresponds to the area encmimgpall the mean location of the
individuals of each taxa.
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Discussion

Our study provides highlighted that macroinvertebreommunities consumed mainly two
types of resources, the bryophytes and the detigdnic matter derived mainly from the
bank vegetation. In both sites, the other souréesadon as periphyton or suspended organic
matter were positioned far away of the macroinyeete trophic niches. These results do not
fit with the Riverine Continuum Concept (RCC; Vammet al, 1980), which considers that
the primary food sources should be benthic autbsop shallow rivers (as the Ham sur
Meuse site), whereas it should be fine particutagéter from upstream and/or the floodplain
in a deep river (as the Waulsort site). However,results agree with other concepts (Thorp
et al, 2006), which state that the main source of faodarge river food origin may be
derived from autochthonous production. Similarhg flood pulse concept (Juek al, 1989)
highlights the predominance of the terrestrial itletr of vegetation from floodplain and of
aquatic macrophytes as primary energy source. FRtale isotope analysis, other studies
provided evidence that algae and terrestrial omyardtter decomposed by the microbial loop
were the main carbon source used by metazoans gle¢wal, 2001; Delong & Thorp, 2006).
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These studies highlight the key role of allo-antbalithonous detritus in the river food web
of tropical and temperate large rivers (Thetpal, 2006) which have a large proportion of
depositional habitats, particularly in sectionsatec directly above large dams or in segments
with alternating “fast” and “slow” current (Zeug \&inemiller, 2008).

In this study, in agreement with the literaturee ttange ofs**C of the macroinvertebrate
community was wider in the shallower, less regulatiée of the river Meuse (Figure 3), with
the accessory carbon sources slightly more consuifted implies a greater diversity of
potential basal sources at the base of the food (Melwton, 2010). The range of primary
resources from heterogeneous sources increasediwethhydromorphology quality of the
system (Poppet al, 2016) which allowed to stabilize food webs (Laynea al, 2007a) and
support diet-plastic taxa during low resource ger(Kupilaset al, 2016). At Ham sur
Meuse, scrapers, likely to feed on periphyton, engsitioned at the right of the trophic niche
closer to the autochthonous benthic resources therother functional groups as deposit
feeders or shredders (Figure 1) centered on thé@adeirganic matter and bryophyte$his
result suggests that some macroinvertebrate taca likexible diet and could consume both
allochthonous and autochthonous carbon. Collins @ittagues (2016) stressed that the
presence of a functional feeding group does no¢ssarily indicate the origin of energy used
by the community, as shredders can assimilate htitosous organic matter, whereas
scrapers can consume allochthonous carbon. Theyaklighted the major role of terrestrial
resourcesind bryophytefor the food web in large tropical and temperatens. Few studies
reported that bryophytes may contribute to the dfemnacroinvertebrates. Our results agree
with those of Torres-Ruiet al (2007) which found that bryophytes was a substhaburce

of food for macroinvertebrates in spring in the Must River, whereas allochthonous organic
matter was the main resource in summer and autumn.

On the other hand, at Waulsort, many consumers meres>C-depleted than the potential
resources. In anoxic environments, organic mategratation produces methane (GH
which may be used by methanotrophs as source bbweain the sediment or the water
column (Conrad, 2005). This source of energy camdtected in the freshwater food web
with the stable isotope approach, due to the isotwpmposition of environmental Ghvhich

is heavily5'*C-depleted, with values from -40 to -110%. in frestev lakes (Taipalet al,
2007). Methanization is well described in lakest stwdies are scarcer in rivers. Methane
could nevertheless represent between 1 to 46% iben#t photosynthetic production in
gravel beds. Moreover, methanotrophs carbon comreesficiency (50%) is higher than the
one of detrital bacteria (10-30 %; Grey, 2016).rGhomid larvae and caddis flies can present
a strongly depleted™>C signature as they assimilate methane-derivecbnaiiom methane-
oxidizing bacteria in sediments (Deinetsal, 2007). In our study, four taxa (Chironomidae,
Corbiculidae, Corophiidae and Limnephilidae) extelimore negativé"*C-value than their
potential sources of food (Figure 1), which mayieate a contribution of carbon derived
from methanization in their diet. Many authors haeeind evidence of methanotroph
organisms contributing in macrophytes, chirononaicvde and their consumers (Sanseverino
et al, 2012; Agasilcet al, 2014). Thus, methanotroph organisms could bengptementary
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source of energy in the freshwater food-web duehw diversity of primary consumers
(Trimmeret al, 2012), especially in the case of planktonic-teses diminution.

If the §"°C range of trophic niche of the macroinvertebrammunity at Ham sur Meuse was
wider, the 3N range was smaller than in Waulsort (Figure 3)e BI'N range allows
qguantifying the food chain length of the commur(Berkinset al, 2014), which have been
recognized to influenced the structure of the comitgyPost, 2002b). For each trophic level
or consumption of prey by a consumer, a proportbrenergy (13 to 50%) is lost during
assimilation (Anderseet al, 2009). A longer food chain than at Waulsort watentially less
efficient notably in case of resources reductiorckBhanet al, 2008) and could destabilize
interaction strengths of the food web (Kuige¢ral, 2015). Furthermore, energy inefficiencies
at multiple trophic positions could be increasedewltommunity was dominated by non-
native taxa as it is the case in Waulsort. For eotapCCross and colleagues (2013) found at
the Colorado River a large energy inefficiencies thuconsumer-resource mismatches which
reduced productivity of the system and increassthbility. Native fish could consume only a
little part of the most representative invertebtate, the exogenolotamopyrgus spyhich
reduced the energy input for the top of the foodrwaed formed a surplus of invertebrate
production.

Facing to a smab**C range , a large food chain length at Waulsortaubrding to the niche
overlap theory (Pianka, 1974), we expected an itapbrtrophic niche overlap between
sympatric potential ‘competitors’ in the most ati@grsite resulting an overexploitation of
some food sources and competition increase. Unéeqligcthe opposite effect was observed
with a major trophic niche overlap between sympatansumers (Figure 4) in the site having
more basal resources (Figure 3). Many authors @dsaribed no consistent pattern in niche
partition in relation with food resources (CorreaWinemiller, 2014) or hydromorphology
quality of the river (Kupilaset al, 2016). However, it is important to notice that th
availability of the principal food sources consunisdthe studied taxa (decomposed organic
matter, bryophyte or macroinvertebrate prey) wasdi@ctly quantified. And although we
observed an enormous drop of phytoplankton at tlteaf the 90’s, the macroinvertebrate
community may not lack of resources due to theqgres of alternative food. We can also
suppose that in the event of resource limitatiaig trophic competition increased at
Waulsort creating a trophic-niche segregation whigtced populations to occupy non-
optimal niches (Netet al, 2017). Furthermore, Flaherty and Ben-David, (3G&0nd with a
modelling approach that some generalist populaticens exhibit a smaller trophic niche
compared to specialist population following to rmgsprey items or the spread of the
isotopic value food source’s (Araug al, 2007). On the other hand, some mechanisms for
coexistence at the individual level could be plbalysset up to exploit more efficiently food
resources (da Silvet al, 2017). A large generalist population can hideilaset of specialized
individuals utilizing specific trophic niches ane\wtloping novel specializations (Pagani
Nufez et al, 2016). The reason of the individual special@atihas currently received
insufficient attention (Aragjoet al, 2011) but can be induced by inter or intraspecif
competition, resource limitation and behaviouralsgicity (Svanback & Bolnick, 2007).

123



Conclusions and caveats

Stable isotope compositions of food web compon@ntwide informations on ecosystem
functioning. In this study, we highlighted that) due to a potential higher availability of
diversified basal resources in the less regulaited the trophic niche was wider than in the
channelized sector, with a contribution of allodmtbus detritus and bryophytes at both sites
(i) methanotrophy can contribute to the river foedb and (iii) the most disturbed site had
the greatest trophic niche, which was potentiadlgsl efficient notably in case of resources
reduction, and a lower trophic niche overlap betws&gnpatric consumers.
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Ce qu'il faut retenir de ce chapitre

Dans le 4™ chapitre, nous étudions l'origine des matiérebwages alimentant le réseau
trophique et nous émettons I'hypothése que les ammaotés de poissons et de
macroinvertébrés de la Meuse francaise ont été snmperturbées par la diminution des
ressources planctoniques qu’en Meuse belge dddda diversité des ressources alimentaires
alternatives disponibles (périphyton, végétationadigue, ripisylve...).

Les analyses isotopiques réalisées ont établi ggecommunautés de macroinvertébrés
benthiques des deux sites consomment majoritairedesnmatieres organiques provenant de
la ripisylve ainsi que des végétaux aquatiques.skston ainsi que le périphyton ne

contribuent que tres faiblement au réseau trophiduaitefois, la niche trophique de la

communauté semble plus étendue sur la stationefadait anthropisée suggérant que les
ressources primaires utilisées par les macroinversesont plus diversifiées. Toutefois, la

contribution des bryophytes dans le régime alimentdes macroinvertébrés semble assez
discutable, notamment en Meuse frangaise ou ats®urce est relativement peu présente.

Dans une seconde partie nous avons comparé levrecoent des niches isotopiques de
taxons ayant un régime alimentaire théorique similaLe recouvrement des niches
trophiques est significativement plus importantMguse francaise, ce qui suppose qu’en cas
de limitation des ressources trophiques, la coriip@tialimentaire en Belgique crée une
ségrégation des niches forcant potentiellementicerttaxons a consommer des ressources
alternatives non optimales.

Les deux derniers chapitres sont axés sur |'étueldadniche isotopique des poissons en
fonction de leur développement ontogénique. Noo®tes de confirmer gu’en cas de faible
disponibilité des ressources planctoniques la céitigee trophique intra et inter-stade(s) de
développement ontogénique des jeunes poissondussingportante dans les biefs aménagés
pour la navigation.
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Chapitre 5

Isotopic half-life and enrichment factor in two speies of
European freshwater fish larvae: an experimental aproach
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Avant-propos

Les deux derniers chapitres de cette thése somst sixéles relations trophiques de jeunes
poissons de I'année, décrites a I'aide d’analyse®piques des éléments C et N.

Le 5™ chapitre a pour objectif de mesurer deux paramés@opiques dépendant du stade
de développement ontogénique de lindividu et dsgéce étudiée. Des gametes de deux
especes de cyprins, le gardon et le chevaswudlius cephalysont été récoltés sur des
individus sauvages de la Meuse a Namur afin deégierca une expérience en conditions
controlées. Apres éclosion et résorption de lacudsivitelline, les larves ont été nourries
avec des nauplii &rtemiajusqu’a I'équilibre isotopique. Ensuite w@hift alimentaire a été
réalisé afin de calculer le facteur d’enrichissetmeophique (outissue enrichment factpr
TEF), le temps de demi-vie isotopique (waif-life, HL) ainsi que le ratio d’énergie alloué a
la croissance/entretien du métabolisme.

Cette expérience a été menée dans son entiert gactorant et « son » équipe, en dehors du
stripping des adultes et de l'incubation des ceffecwiée par, et, dans les locaux de Mr
Defour J. a Jambes.

L’'analyse élémentaire des échantillons a été émlés I'Université de Liége (laboratoire
d’'océanologie) par I'équipe de Lepoint G. Ce chrapid été publié dans le journal Rapid
Communications in Mass Spectrometry.

Latli A, Sturaro N, Desjardin N, Michel LN, Otjacgsl W, Lepoint G, Kestemont P (2017b)
Isotopic half-life and enrichment factor in two sps of European freshwater fish larvae: an
experimental approacRapid Communications in Mass Spectromedfy 685-692
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Isotopic half-life and enrichment factor in two speies of
European freshwater fish larvae: an experimental aproach

Abstract

Rationale: Stable isotope ratios of carbon and nitrogenvateable tools for field ecologists
to use to analyse animal diets. However, the agiphic of these tools requires knowledge of
the tissue enrichment factor (TEF) and half-lifd.{HWe experimentally compared TEF and
HL in 2 freshwater fish larvae. We hypothesisedt thaub had a better growth/tissue
replacement ratio than roach, due to the use obd €loser to their natural diet.

Methods: We determined the isotopic HL, the TEF and thetrdmumtion of growth or
metabolic tissue replacement to dynamic isotopeoiiporation. After yolk sac resorption,
larvae were fed for five weeks with prey similarthir natural dietArtemia naupli) up to

the isotopic equilibrium followed by Chironomid Vae. Stable isotope measurements were
done using a continuous flow isotope ratio massctspmeter coupled to an elemental
analyser.

Results: Changes in isotopic composition strongly followtbe predictions of exponential
growth and time dependent models. Isotopic HL vhbietween 8.2 and 12.6 days and TEF of
nitrogen and carbon ranged from 1.7 to 3.1 %0 awndhfr0.9 to 1.2%., respectively. The
incorporation of dietary*C was more due to the production of new tissuen@en 56 and
79%) than to the metabolic process. Chub allocatedk energy to growth than roach and the
Chironomidae diet contributed more to the consuhggosvth than theArtemiadiet.

Conclusions: Metabolic rates seemed smaller for chub than roesecially when they were

fed with Chironomidae. A Chironomidae based dietidde more profitable to chub, and the
high associated growth rate could increase theldewent of the fish larvae. HL and TEF
were in the range of those reported in the litemtThese results will be helpful for field

based studies, because they can help to increasethracy of models.
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Introduction

In the last few decades, stable isotope ratiogybt biogenic elements have become valuable
tools for studying trophic relationships and foocbwstructure (Peterson & Fry, 1987,
Laymanet al, 2012), and also to estimate the energy conteybimg-of-the-year fish (or
larvae) (Lazoet al, 2010). The carbon stable isotope ratitC{°C, usually expressed as
83C) exhibits a weak increase per trophic level angeinerally used to track the origin of the
carbon source in dietary reconstruction (DeNiro gstein, 1978b). In contrast, thaN/*N
ratio (expressed as°N) of consumers’ tissues is often enriched® relative to their diets,
thereby revealing both an animal’'s diet and itphio level (DeNiro & Epstein, 1981).
Combining*°C and&™N provides quantitative information on resource &aditat, which
together define the ecological niche space (Newsatna¢, 2007) of species or communities.
However, application of stable isotopes in dietamalyses requires knowledge of two major
factors, the tissue enrichment factor (TEF, aldtedaliscrimination factor) and the isotopic
half-life (HL) (Vanderklift & Ponsard, 2003). Theswo factors can vary significantly in
relation to studied ecosystems and species asaweth individual life stage, contributing to
error in quantitative mixing model outputs (ZandgeRasmussen, 2001).

The TEF (also noted) corresponds to the difference between the siabtepe composition
of a consumer and its diet, due to isotopic fratmn during metabolic processes
(McCutchanet al, 2003). Observed fractionation can fluctuate nigtalscording to the type
of tissue analysed, the presence of some classesmgfounds (Bennet al, 1987; Focken &
Becker, 1998) (for example, lipids, lignin), ane: ttiet or dietary protein content (Zanden &
Rasmussen, 2001). Many authors (DeNiro & Epste@¥,8b; Post, 2002b; Vanderklift &
Ponsard, 2003; Vander Zanden & Fetzer, 2007) hagasored TEFs, and it is usually
accepted that the difference between prey and comistanges from 1 to 4 %o fé°N and
from 0 to 1 %o fors*C. A™N differs for many groups of organisms and theamge of the
estimated enrichment factor must be taken into w@acon trophic relationship studies
(Vanderklift & Ponsard, 2003). Furthermore, TEFueais required to build mixing models,
which are used by stable isotope ecologists toneséi the contribution of multiple sources to
the diet of a consumer (Wadt al, 2009).

The isotopic HL is defined as the time it takes fbe isotopic composition of a given
consumer tissue to reach an intermediate poinespanding to a mid-value between the
original diet and the new one. HL can change ac¢ogrth metabolic type (ectotherm versus
endotherm), life stage of the consumer, and tissndsxa analysed (Fry & Arnold, 1982;
Herzka & Holt, 2000). HL is also different in gravg organisms (Boslegt al, 2002); the
more rapid the fish growth, the higher the HL. he same way, other authors have evaluated
the HL to about two days in fish larvae and one yeadults (Bosleet al, 2002; Logaret

al., 2006).

To better exploit and validate field data, ecoltgjibave to determine the TEF and HL
corresponding to the studied species, in ordestionate the timing of diet shift (Wo#t al,
2009), obtain information on the life history ofetharget species (Norrist al, 2005),
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evaluate time and degree of diet specialisationrijNizz del Rioet al, 2009), and increase
the accuracy and realism of mixing models. To nmbetrequirements of field ecologists,
laboratory studies have examined the isotope HLHBH, and developed models (Welf
al., 2009) adapted from an exponential growth modey & Arnold, 1982). Hesslein and
colleagues (Hessleiat al, 1993) have observed that isotopic incorporatiepeshds on the
addition of tissue resulting from growth (‘anabolisturnover) and tissue renewal
(‘catabolism turnover’). Energy from food was alided in the metabolic process and growth,
with a ratio which varied according to the devel@ntnstage (Lemieuat al, 2003), the type
of food, and the environment (notably temperatuigich controls biochemical reaction rate
in poikilotherm species (Wuenscletlal, 2004)). A study on the warm-water adult zebrh fis
(Danio rerio) demonstrated that metabolic tissue replacemerduats for 68 to 80 per cent
of the modification of the isotopic composition leaing a dietary shift (Tarbousht al,
2006). However, contribution of growth could accofor more than 90 per cent for the cold-
water red drum larvaé&sgiaenops ocellatyigHerzka & Holt, 2000).

Ten years after the call for more laboratory expents by Gannes and collegues (Garetes
al., 1997), a large number of measurements of incatfwor rate have been realised.
However, the dynamics of isotopic incorporation thyoseen measured on one-compartment
models (Martinez del Ri@t al, 2009), without dissociating tissue growth andabatic
turnover. Furthermore, the number of experimentaidies remains rather low when
compared with observational field studies (Logaal, 2006).

In this study we have selected two cyprinid lar{geung-of-the-year): chubSQqualius
cephalu$ and roachRutilus rutilug, both common freshwater species widely distridute
Western Europe (Blanck & Lamouroux, 2006; Daufre&nBoét, 2007). Throughout their
larval stage, chub and roach mainly feed on zodpdem However, later in life their diets
diverge, with chub starting to feed on benthic meerates and roach becoming omnivorous
(Garner, 1996). Nevertheless, food acquisition asgimilation are important for both fish for
growth and survival, particularly during early stagvhen individuals are highly vulnerable to
competition, food shortage and other perturbat{dhsinet al, 2007a, 2012).

The aim of this paper is to describe a controlled-shift experiment conducted on the larvae
of S. cephaluaindR. rutiluswith two kinds of prey that are close to theirurat diets. Firstly,
we measured stable nitrogen and carbon isotopesrdlL TEF of the fish larvae using an
exponential time dependent model (Hobson & Cla@892). Secondly, using an exponential
growth and time-dependent model (Hessletnal, 1993), we studied the contribution of
metabolic tissue replacement or growth to the tana in isotopic composition of young-of-
the-year larvae resulting from the diet shifts. Wgothesised that, during the second diet,
chub had a higher ‘growth/tissue replacement’ rdtam roach, due to the use of a food more
in line with their natural diet.
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Materials and Methods
Experimental design

Our investigations were conducted in accordanch thi¢ guidelines for animal use and care
and in compliance with Belgian and European reguiaton animal welfare. Adult roach
(n=20) and European chub (n=8) were sampled inMbase River at the fish pass of La
Plante dam (Namur province, Belgium, 50°27'01.9"M°51'40.6"E) during the spawning
period (23—-25 April 2015). Roach and European chaimetes were collected by stripping
and ova were fertilised with the sperm of multiplales. Eggs were incubated at 12°C under
a 12L:12D photoperiod, under static conditions Viitered and UV-sterilised water from the
Meuse River. Water was replaced daily. Eggs ankl yat larvae were collected for isotopic
analysis. After yolk sac resorption, approximatdly000 larvae of each species were
distributed between six tanks (110L) at a constamiperature (15°C) and under a constant
photoperiod (12L:12D). Water quality was kept stably a filtration and cooling system,
while detritus and uneaten food were siphoned ddihe initial $*°C and &N of larvae
before feeding were determined by sampling threa&in each tankdit Over five weeks {t

to &), larvae were fed daily, in excess of five timedag, with freshly hatchedrtemia salina
nauplii (53C=-22.7 + 0.1%. an@™N=11.2 + 0.1%.). Fromstto t (five weeks) a diet shift
was performed, and larvae were fed daily and siightexcess with coarsely chopped frozen
chironomid larvae §°C=-18.1 + 0.6%. and®'°N=8.6 + 0.8%.). We selected these prey
because they are close to the diet of cyprinid fisitheir natural environment and are
isotopically distinct fromArtemianauplii. During the dietary shift experiments, three larva
per tank (n=18 per species and per sampling da¢e¢ wandomly selected each week for
isotopic analysis, after 24 hours of food privatibor gut clearance. Stable isotope
measurements were performed on whole fish. Onegameple was collected daily (n=77).

Fish larvae were anesthetised and killed using xaess of 2-phenoxyethanol (3mL/10L
freshwater), measured (total length (TL, £ 1mm)jghed with a microbalance (x 0.1mg),
and rinsed with deionised water. Larvae (chub aadit) and diet samplesrtemia nauplii
and Chironomidae) were dried at 60°C for at lea8t hdurs and ground into a fine
homogenous powder using a mortar and pestle. Dtreetosmall mass, larvae were pooled at
to and , and treated individually from to to.

Stable isotope ratios measurements were performad centinuous flow—elemental
analyser—isotope ratio mass spectrometry (CF—EA—#RMusing a vario MICRO cube
elemental analyser (Elementar Analysensysteme GnHBihau, Germany) coupled to an
IsoPrimel100 mass spectrometer (Isoprime, Cheadiged) Kingdom). Isotopic ratios were
expressed using the internatiodalotation (Coplen, 2011). Sucrose (IAEA-G&’C=-10.8 +
0.5%0, mean + SD) and ammonium sulphate (IAEA-8{2N=20.3 + 0.2%., mean + SD) were
used as certified reference materials. Both ofehlieference materials were calibrated against
the international isotopic references, i.e. Vielege Dee Belemnite (VPBD) for carbon and
atmospheric air for nitrogen. Standard deviationsmilti-batch replicated measurements of
lab standards (fish tissues), analysed interspeaseahg the samples (two lab standards for
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15 samples), were 0.1 %o fér°C and8'°N. Glycine (Merck) was used as an elemental
standard and elemental contents were expressepgaasentage of dry mass.

Turnover times and fractionation factor estimations

Firstly, to estimate change in isotopic ratio fallag the diet shifts, HL were calculated with
the time-dependent model adapted from Hobson aak (Hobson & Clark, 1992):

8 X9 =X )= [0X(0) - 8X (] €™ (1)

Where X, is the isotopic ratio ot*C or N in the consumer tissue at timeS¥ () is the
asymptotic isotopic ratio (%0)3X(o) is the isotopic ratio before diet shift (%o) ands the
turnover rate (time).

Secondly, based on the growth and time-dependedehamlapted from Fry and Arnold (Fry
& Arnold, 1982), we evaluated the contribution ofwth (k) and metabolism (m) to tféC
isotopic turnover following the diet shifts:

5 Ciy=8"C ()= [6"°C 0)- §"°C ] W0/ WeIC'  (2)
Where wp)is the body mass (g) before the diet shift anglisithe body mass at time (t). C

represents the metabolic turnover to change ipsotatio™>C.

As young-of-the-year fish grow exponentially, wencassess growth rateg(kexpressed in
day’) and the metabolic contribution Jkto isotopic turnover following the equation
proposed by Hesslein and colleagues (Hessleah, 1993):

Kg=1In[we) / W]/t (3)
With t the time (day) between the two measures.
Ke=A—kg (4)

Finally, according to Martinez del Rio and Andersgprecher (Martinez del Rio &
Anderson-Sprecher, 2008), we used a nonlinear $epstres fitting procedure (Seber & Wild,
1989) and isotopic HL to estimate the parametersgoftions 1, 2 and 3 using the following
eguations:

HL =In2) / (k+ky)  (5)

Tissue fractionation factors were calculated foe ttwo diet shifts Artemia sp. or
Chironomidae) according to the following formula:

TEF =6X (o) consumer OX diet (6)

With 8X giet the mean diet isotopic composition.
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Results

The isotopic composition of both species displagedtrong temporal pattern during the
dietary shift under controlled laboratory condisoi€hub and roach larvae grew by 2.4g and
2.0g respectively in the five weeks before theatieshift, and by 11.6g and 7.5g in the five

weeks after (Table 1).

Table 1: Mean total length (mm) and mean growthofghub and roach larvae during the
dietary shift experiment.

Time Total length (mm) Growth (g)
(weeks) Mean SE Mean SE
0 7.9 0.3 0.4 +0.02
Chub 5 14.9 +0.2 2.8 +0.6
10 25.0 +0.6 14.4 147
0 6.2 +0.4 0.1 +0.01
Roach 5 14.8 +0.3 21 +0.1
10 23.2 +0.8 9.6 +1.0

The time-dependent model (Hobson & Clark, 1982formed adequately with our data, as

goodness-of-fits were comprised between 0.78 a8 (Figure 1 and Figure 2), except for

the §'°N for the first feeding period (Figure 2). Extrapiad equilibrium curves were close to

the mean larval isotope values atar to, suggesting that larvae performed a complete
turnover at the end of each diet experiment.
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Figure 1. Carbon isotopic values (mean + SE) ofocfieft) and roach (right) larvae, relative
to laboratory experiment time (week), during thestfiArtemia diet (top) and the second
Chironomidae diet (bottom). The curve (solid lin@presents the best-of-fit nonlinear
regressions using Hobson and Clark’s (1992) maael 14), and the dashed line represents

the mean diet isotopic composition (n=39).
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Figure 2: Nitrogen isotopic values (mean + SE)ilz (left) and roach (right) larvae relative
to lab experiment time (week), during the firtrtemia diet (top) and the second
Chironomidae diet (bottom). The curve (solid lin@presents the best of fit nonlinear
regressions using Hobson and Clark’s (1992) mauel14), and the dashed line represents
the mean diet isotopic composition (n=39).

Carbon isotopic HL were relatively brief, rangingtlween 8.2 and 12.7 days (Table 2), and
showed a relative homogeneity between diet andieseblitrogen isotopic HL were also
found in this range for the second diet (10.6 aRdl Hays for roach and chub respectively).
However, nitrogen HL calculated for the first dweere certainly overestimated, with values
of 27.6 days for roach and 72.7 days for chub. deee the model poorly described the
temporal evolution 08N in larvae fed withArtemiasp. in both species (R2= 0.02 for roach
and 0.08 for chub).

Table 2: Half-life (HL) and tissue enrichment facf@EF) estimations, calculated using
nonlinear regressions of carbon and nitrogen stigbk®pes (time-dependent model adapted
from Hobson and Clark (1992) following diet shifbm Artemiasp. to Chironomidae.

Firstdiet (Artemia sp.) Second diet (chironomidae)
. ., Half-life Asymptoticisotopic ratio (%o) Tissue enrichment| _, Half-life Asymptoticisotopic ratio (%o) Tissue enrichment
Element Specie R
(days) Mean SE factor (%o) (days) Mean SE factor (%o)
53¢ Chub 096 12.7 -20.6 +0.03 21 0.78 124 -18.4 +0.05 -0.3
Roach 0.98 8.2 -21 +0.02 1.7 0.72 8.2 -18.2 +0.04 -0.1
i Chub 0.08 72.7 135 +0.8 2.3 0.93 10.6 10.5 +0.03 19
8N
Roach 0.02 27.6 13.3 +0.14 21 0.80 12.4 11 +0.06 2.4

Ratios between the contribution of metabolism arwvth (k/kg) for 813C were smaller for
the Chironomidae diet than for tiRetemiadiet (Figure 3) and roach had a higher ratio than
Chub. Chub k accounted for 61 per cent during the first died &9 per cent during the
second diet of thé**C incorporation, while roachgkvere slightly lower (56 and 71 per cent
respectively).
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Figure 3: Carbon isotopic values (mean + SE) ofocfleft) and roach (right) larvae relative
to relative mass change\ (w/w;), during the firstArtemia diet (top) and the second
Chironomidae diet (bottom). The curvature of thdidsdine (n=114) decreases if the
contribution of the growth ¢k to isotopic incorporation increases. The dashezlrepresents
the mean diet isotopic composition (n=39).

Isotopic composition of thArtemiadiet proved to be relatively constant, becauseldity
on this parameter was comparable to our instrusemtalytical precision (SE=0sl for
carbon and nitrogen). The variation in isotopic composition in Chironomidae was higher but
still moderate (SE=0.6 and 0%. respectively for carbon and nitrogen). These diffiees in
variability between the two food sources did ndeetf the quality of the model predictions,
with a high R2 during each period of the experiment

TEFs were relatively homogenous between diet aedisp (Table 2)A™N were comprised
between 2.1 and 243 for the Artemiadiet and between 1.9 and 24for the Chironomidae
diet. A¥*C varied widely, and were positive for tAetemiadiet (2.2 for chub and 1%, for
roach) and negative for the Chironomidae diet ¢s08r chub and -0.%. for roach).

Discussion

Due to an exponential growth, ectotherm young-eftbar chub and roach exhibited isotopic
incorporation patterns that followed theoreticaldels (McCutchart al, 2003). As observed

in ectotherm larvae, the measured isotopic HL wamall and isotopic incorporation was
mainly due to growth (Herzka & Holt, 2000; Gajdakal, 2015). Variation of fish isotopic
composition during the experiment strongly matckath the exponential time-dependent
model (Hobson & Clark, 1992), and goodness-ofifieye higher than 0.72 except for the
nitrogen composition during the first feeding pdri@able 2). The model poorly described
this part of the experiment because & values of both consumers remained unchanged
from t, to t5 (Figure 2). This can likely be explained by thes leariations between initial and
final diets. Differences in isotopic value betwemrey and consumers & Wwere roughly
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equivalent to the fractionation factor, making aagempt at calculating turnover times
irrelevant.

Difference in tissue enrichment factor betweensdiet

Even though TEFs are commonly used by scientistguifantifying contribution of alimentary
sources in the diet of consumers, they vary greattording to the considered element and
sample tissue, as well as physiology of the studpties (Vanderklift & Ponsard, 2003). A
meta-analysis by Le Vay and Gamboa-Delgado (Le &&yamboa-Delgado, 2011) reported
a considerable variability in aquatic larvae andtgarvaeA™>C and A™N observed under
laboratory conditions, from 0.4 to 4.1%. for carbamd from 0.1 to 5.3%. for nitrogen. The
TEFs gathered in this meta-analysis come from uarmrganisms, mainly crustacean larvae.
Only one was measured in post-larval marine fighvieth natural or artificial food. These
large ranges of observed TEFs nevertheless highligh requirement of laboratory
experiments to measure representative TEFs thabeafificiently applied to environmental
or ontogenetic studies.

One review (Cauet al, 2009) proposed a global evaluation of adult fssitopic TEF around
1.7%o for §*°C and 2.5%. for3*>N; the estimations were mostly in line with ouruks for
A™N (between 1.9 and 2.4%o), as well as #9rC during the first diet (between 1.7 and
2.1%0). However, for the period of the second dieey had a lowes™*C ratio compared to
consumers (-0.3 to -0.1%o0). Less common than pesitalues, negativa'*C were reported
by McCutcharet al (McCutchanet al, 2003), with a minimum observed value of to -2.7%o
(Buckeye pupae fed with Plantago). As lipids areerdC-depleted than proteins, negative
TEF could be linked with the lipid content in thealysed tissue if consumer tissues were
richer in lipid than their diet, which was not tbase in our experiment. Another explanation
could result from the amino acid concentrationsvieen the prey and the consumer, which
influence TEF (Martinez del Riet al, 2009) however, this mechanism has been poorly
studied (Kimet al, 2012).

TEF differences between consumers were small, avithaximum close to 0.5%o, possibly
due to common diet, common requirements (i.e. lagvawth phase) and their taxonomic
proximity. TEFs observed between consumers wereehig the literature for the same type
of diet, for exampleA™N of marine crustaceans fed wisirtemia varied between 0.1 and
2.5%o (Le Vay & Gamboa-Delgado, 2011). For both coners, we also noticed that th&C
variation was higher than th&™N in this study (contrary to the literature ; Le W&
Gamboa-Delgado, 2011) and depended mainly on freedf/diet (Table 2)A'*C differences
were 1.8 to 2.4%., greater féxrtemia sp. than for Chironomidae diet. This variation was
smaller forA™N, between 0.2 to 0.4%.. In the literature’™N and A**C measured for the
same taxa can vary with diet type from 0.8%. to 6.@%d 0.4 to 7.0%. respectively
(McCutcharet al, 2003; Le Vay & Gamboa-Delgado, 2011).
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Difference in isotopic incorporation rate

With the exception of thé"®N HL during the first feeding period, isotopic imporations
fluctuated between 8 and 13 days according to epeand diet. These results were close to
the results reported in similar studies (Herzka &ItH2000; Bosleyet al, 2002). For
example, Bosley and colleagues (Boseétyal, 2002) determined HL in muscle tissue for
three marine fish larvae species of between 1 tadys for carbon and 2 to 19 days for
nitrogen.

In a literature review, Vander Zanden and colleag(#015) proposed an HL evaluation
method for ectotherm vertebrates based on allomedtationships between organism weight
and isotopic incorporation. With our data, the agpi¢ HL estimations were comprised
between 36 and 39 days for the first diet, andridl % days for the second diet (respectively
for roach and chub). These values are longer thasetestimated in our study. The difference
may be due to the temperature at which the lamvamii study were reared and hence to high
growth rates, which is not taken into account bg thodel. Many authors (Boslest al,
2002; Wittinget al, 2004) have highlighted a significant effect ofnfeerature on isotopic
HL, notably in fast growth organisms such as larviagrthermore, growth rate influences
isotopic HL, since lower growth rate increasesifidopic HL while rapidly growing species
have a short HL due to a high metabolic rate (Frjr&old, 1982). Even though growth rate
varies widely according to developmental stages, plarameter was not taken into account by
the models of Vander Zanden al (2015). In our study, young-of-the-year fish alted a
large amount of energy in growthc(kand tissue production rather than metabolic tweno
(kg) (Figure 3). Similarly, Zuanon and colleagues @06stimated'*C HL for Nile tilapia
(Oreochromis niloticus a large freshwater fish, around 52.5 to 66.5day larvae, and 120
days for juveniles. Turnover of adult whitefish tbe superior to one year (Hessleinal,
1993), reflecting the reduction of growth and sllogviof metabolism compared to younger
individuals.

Contribution of growth to incorporation of dietat§C in consumer tissues

The contribution of growth (between 56 to 79 partgéo *C incorporation was comparable
with the literature. A similar study on a cold-wated drum larvaeSciaenops ocellatyis
(Herzka & Holt, 2000) evaluated the growth conttibn at 90 per cent, but this trend could
be inverted for larger adult fishes such as shidni (et al, 2012).

Chub allocated more energy to growth than roach¢hwhad a higher metabolic rate (Figure
3). Chub tissue production accounted for 61 pet itethe3*3C incorporation during the first
part of the experiment and for 79 per cent afterdiet shift, while roach values were slightly
lower (56 and 71 per cent respectively). In bothesathe ratio was higher when organisms
were fed using the second rather than the first. dibe Chironomidae diet facilitated
assimilation and reduced metabolic processes ftin btudy species (Figure 3). This diet
benefited both fish larvae, although the Chironamsidliet was more in line with the natural
food of chub, whose juvenile mainly consume maareitebrates, than roach, which are
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omnivorou§?. In a natural environment, a Chironomidae-baseet d@vould be more
profitable to chub, and the high associated graaté could increase the development of the
fish larvae and their chances of survival (Yufer®&rias, 2007).

Conclusion and caveats

This experimental study evaluated the isotopic IHd AEF of two freshwater cyprinid larvae
fed using two different regimes close to their naltdiets. For both species, HL was short and
isotopic incorporation rates were mostly due to phempt production of new tissue during
the early stage of life. Carbon and nitrogen TElesewn the range of those reported in the
literature. While they differed slightly accordirtg consumer species, due to analogous
requirements (i.e. larval growth phase) and thakohomic proximity, theA’>C observed
were very different between the two experimentaitdi Metabolic rate seems smaller for
chub than for roach, especially when fed with Giminmidae, which can benefit to chub in its
natural environment. Based on these results, wentaite some recommendations to open
field researchers for increasing the accuracy aatism of their models. First, it is important
to precisely determine the developmental stagehefconsumers, because HL of larvae is
shorter than adults and the HL observed may ndbviothe modelled curves from the
literature (Vander Zandeet al, 2015). Secondly, open field researchers haveséoauTEF
that is estimated on the studied species and ploegntial food sources that can be found in
the natural environment. In the same way, HL hasetevaluated in experimental conditions
closed to the natural environment, for exampledctothermic species in which metabolic
activities are directly linked with temperature @By et al, 2002). Thirdly, laboratory
measurements must be taken with caution; consumrersgenerally located in an ideal
position in terms of food availability and enviroenmal stability. In an open field, life
conditions might be more difficult with less foodaglable, which leads to a lower growth rate
and slower HL than in the laboratory.

138



Ce gu'il faut retenir de ce chapitre

Dans le 8™ chapitre, nous avons pour objectif de mesurer gmrametres isotopiques, le

taux de fractionnement (tissue enrichment factorT&lr) ainsi que le temps de demi-vie

isotopique (half-life or HL). Ces métriques dépamtdeu taxon étudié ainsi que du stade de
développement ontogénique et de la vitesse desamige de l'organisme. Une définition

précise de ces valeurs contribue a la construckeomodeles mixtes permettant d’estimer le
régime alimentaire des consommateurs sur la basevdkeurs isotopiques des proies
potentielles. A I'aide d’'une expérimentation coféede shift alimentaire, nous évaluons le
TEF et le HL de deux espéces de poissons postptésode la vésicule vitelline.

L'expérience a permis de mesurer précisement leanpgres isotopiques pour les deux
taxons étudiés. Le temps de demi-vie isotopiquérestcourt (entre 8,2 et 12,6 jours) car les
organismes allouent une part importante (entret5B69&o0) de I'énergie a la production de
nouveaux tissus. Le fractionnement isotopique aroke et du carbone (respectivement de 1,7
a 3,1 % et de -0,9 a 1,2 %o) est assez variable praishe des valeurs constatées dans la
littérature.

Enfin le régime alimentaire composé de Chironomidaemet aux deux espéces d'allouer
environ 15% d’énergie en plus a la croissance erawn régime composeAttemiasp. |l
semblerait également que le chevaine ait une enoisslégerement plus rapide que le gardon.

Les parameétres mesurés seront utilisées dans ptrehauivant pour estimer l'origine des
ressources trophiques assimilées par les poissoimnetion de leur stade de développement.
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Chapitre 6

River habitat homogenization enhances trophic compiion
and promotes individual specialization among youn@{-the-
year fish
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Avant-propos

Le &Mm¢ chapitre a pour objectif de modéliser la niché¢apmue de 4 espéeces de poissons a
divers stades de developpement ontogénique en edailde disponibilité de ressources
planctoniques. Nous cherchons a évaluer l'influatheda régulation hydromorphologique de
la Meuse sur la compétition intra- et inter-spégeié mais également intra et inter-stade de
développement.

L’inventaire, les nombreuses déterminations etrégaration des échantillons ont été réalisés
par le doctorant et « son » équipe. L'analyse éhtane® des échantillons a été réalisée a
I'Université de Liege (laboratoire d’océanologiggr@’équipe de Lepoint G. Le doctorant a

effectué l'entierté de l'analyse des données ettefprétation des résultats ainsi que la
rédaction de ce chapitre.

Ce chapitre a été récemment accépté et sera gublibainnement dans la revue Freshwater
Biology.

Latli A, Michel LN, Lepoint G, Patrick K. River haat homogenization enhances trophic
competition and promotes individual specializatawnong young-of-the-year fish. Freshwater
Biology. Accepted august 2018
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River habitat homogenization enhances trophic comgigion
and promotes individual specialization among young{-the-
year fish

Summary

In large rivers, fish ontogenic development successmainly influenced by resource
availability and by the possibility of species tapt their dieti(e. trophic niche). Humans
have drastically modified freshwater habitats, hbtafor navigation purposes. Such
modifications may reduce food availability for yaurof the year (YOY) fish and,
consequently, influence their ability to reach &uilt age.

In the Meuse River, decrease of fish abundandeoisght to be linked to a drastic reduction
of phytoplankton biomass. In this context of desheg phytoplankton biomass, we studied
trophic niches of three cyprinid species (commasabklAlburnus alburnuschub Squalius
cephalusand roachRutilus rutilug and one percid species (European p&eica fluviatilig

at various stages of development, using stablepsoanalysis in order to compare intra- and
interspecific competition between sites differingdegree of channelization.

Two reaches of the Meuse River differing by theigieke of regulation were investigated. We
hypothesized that habitat homogeneization wouldi€grease food resource availability and
diversity and (ii) increase trophic competition rpaularly among earlier ontogenic stages,
and promote individual specialization.

Our study provides evidence that in the contexvwf planktonic biomass, most YOY relied
on benthic food sources. Furthermore, the MeuseerRilow and depth regulation
significantlty impacted the abundance and speciebness of YQOY. In the heavily
channelized reach, between-stages competitionamddsource diversity lead to an increase
in diet partitioning between cyprinid larvae, adlves consumption of non-optimal energetic
food sources such as aquatic vegetation in panidofiduals.

On the other hand, in the less channelized reachaé displayed a generalist feeding habit

focusing on high energy content prey such as diffetaxa of macroinvertebrates, suggesting
that the diversity of habitat reduces the food cetfitipn within and between stages.
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Introduction

Pianka (1981) developed a theory popular amongogit describing the trophic
competition between species as the proportion eflap between their trophic niches. In
most cases, when resources and environmental \ayiakecrease, trophic niche overlap
tends to increase, which could lead in the mosergesgituations to competitive exclusion.
This typically happens when introduced taxa occapyew biotope and out-compete their
trophic competitors (Ward & Ricciardi, 2007). Thesthe case in freshwater systems where
exotic Dreissenidae musseBréissena polymorphandDreissena bugensi®r Corbiculidae
have been shown to reduce populations of othee laltgr-feeding taxa such as Sphaeriidae
and Unionidae (Marescawt al, 2016). However, if food is abundant, two speaesld
share the same resources without negatively imppotiach other (Pianka, 1974). For
example, omnivorous fish suffer less from riverulegion and habitat destruction than fish
having more specialized diets (Aaetsal, 2004, Latliet al, 2017a).

Although food web models are traditionally useddegermine trophic interactions between
species, several studies have shown that dietargtie®m may occur within populations or
species (Bolniclet al, 2003). Indeed, a generalist species or popumatmsuming a large
range of resources may be composed of many indilsdpecialized on small subsets of food
items that differ among individuals. These indiatuspecialists could play their own
ecological roles in terms of trophic relationshgrsd habitat use (Yurkowsldt al, 2016).
Trophic individual specialization (IS) is influergtéy increase of trophic competition (intra
and/or interspecific), prey diversity and/or abumtky and predation pressure (Araéjoal,
2011). According to the optimal foraging theory @Aathur & Pianka, 1966), in a system
with unlimited food resources, consumers may shesterred resources, decreasing the IS of
the population. In contrast, decreasing trophioweses may result in a higher intraspecific
competition for the preferred diet. Scarcity offpreed items could in turn force consumers to
add alternative resources to their diets, incregfie degree of IS (Kernaléguenal, 2015).

IS has been well documented for species living large number of ecosystems (Ara@b
al., 2011), but food web studies have rarely takea adcount the ontogeny of individuals,
which implies the assumption that food resourcesnaore or less similar for all life stages
(Rudolf & Lafferty, 2011). However, trophic inteteans develop during the ontogeny of
numerous species, with crucial consequences faulptpns but also for the entire food web
(Nakazawa, 2015). The large majority of specieshwiarvae feeding autonomously
(invertebrates, fish, amphibians) have at leastaiaeshift in their early life. In freshwater,
the majority of young fish larvae preferentiallynsome small zooplankton as rotifers, and
small cladocera, which are the optimal diet in t®rof cost/benefit ratio after yolk sac
resorption (Nunn, Harvey, & Cowx, 2007). This diein be completed by small insects and
phytoplankton. The diet of older larvae is gengraibre diversified: juveniles typically shift
to benthic macroinvertebrate prey, with an herbjvoomplement according to the species,
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when fin development enables greater swimming pedoce (Nunn, Tewson, & Cowk,
2012).

As many European rivers, like the Rhone, Danube Rhihe, the Meuse River has been
heavily regulated for navigation and flood controiainly in the Belgian section (Descy,
2009). River channelization and riparian land wshice the inputs of terrestrial matter usable
by the macroinvertebrate community (Lecetrfal, 2012) while dams homogenize habitats by
modifying erosion and sediment transport and déjposfAartset al, 2004). In the deepened
sections of regulated rivers, the development othoe primary producers has been reduced
by light limitation and habitat has been altered&yoval of gravel deposits and macrophyte
stands. By contrast, habitats of the French seatibthe Meuse River have been less
disturbed, conserving their ecological functionsl dnodiversity. The shallowness of the
French section of the river allows the developmehtdiverse aquatic and subaquatic
vegetation, from periphyton to helophytes and hgtgbes. The riparian zone is quite well
developed and contributes to increased habitatdgaeity (Descy, 2009).

A major event in the recent history of the MeuseeRiwas the establishment of non-native
filter-feeding bivalves, dreissenid and corbicufidissels, which contributed to reduce the
phytoplankton and zooplankton biomass by 85% ovperegod of 15 years (Pigneet al,
2014). As in many European and American freshwatesystems (Smith, Higgins, Vander
Zanden, Joppa, & Vadeboncoeur, 2011, Ward & Ridgi&007), the invasive filter-feeders
have impacted most biota in the Meuse River, fréamkton to piscivorous fish (Latet al,
2017a). However, the impact on fish communitiesiedaraccording to the degree of
channelization. In the Belgian part of the rivdre toiomass of some species such as roach
(Rutilus rutilug, which dominated the community during the 90'sssweduced by 85%,
mainly as a result of the collapse of the wateurwol resources (Otjacquest al, 2015,
2016). On the other hand, in the less regulatetigfdahe Meuse River in France, the stock of
roach remained constant (Alonsbal, 2014).

In this study, we used stable isotopes to compaee ttophic ecology of differing
developmental stages of four fish species in tvileidintly regulated of the Meuse River, in a
context of low phytoplankton availability. We hypesized that the habitat heterogeneity in
the less channelized reach would offer greater fesdurce availability and diversity, which
would increase the abundance of young of the yslar(¥OY). We delineated the diet of fish
by ontogenic stages to identify the alternativelexgd resources and we hypothesized that
trophic competition would be stronger among eaxigtogenic stages, with a greater degree
of individual specialization in the channelizedalea
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Materials and Methods

Study area

The River Meuse rises on the Langres plateau inthNBastern France, flows through
Belgium and Netherlands, and ends up in the Duéita éfter joining the Lower Rhine. The
total length of the river is close to 925 Km forcatchment area of 36,011 km2. The main
characteristics of the river basin and of the rit&elf were summarised by Descy in Tockner,
Uehlinger, & Robinson (2009). The present study e@sducted in two reaches of the River
Meuse located 469 and 488 km from the source réspBc(table 1). The first site (France)
is not channelized and navigation is not allowele Tlow is controlled by old-fashioned
weirs which generally maintain shallow and fastfilog reaches allowing the development of
aguatic and subaquatic mosses and higher plangsbahk is near-natural in most stretches
and the riparian zone is well developed (Ham suudde N 50° 6’ 36", E 4° 46’ 49). The
second site (in Belgium) is a heavily channelizedch allowing navigation of 1600 tons
barges. The water level is regulated by automagicsmvhich maintain a relatively high water
depth. Frequent and heavy dredging of the river &&dvell as concrete and stone banks
considerably reduce the development of aquatic raredine vegetation as well as habitat
heterogeneity (Waulsort; N 50° 12’ 56", E 4° 49”B7

Table 1: Physical description of the two sampliitgss

Distance from Chanel Water discharge .
Site source Catchment width (annual averageAItItUde Slope
km2 ) +/-5m (/1000
(km) (km2) (m) m®.s} ( )
Ham 469 10110 100 148 105  0.13
Meuse
Waulsort 489 10584 120 152 95 0.25

During the last 25 years on the French and BelBiaer Meuse, water temperature increased
close to 1°C and the phytoplankton biomass decdedseB85%; figure 1) as well as
orthophosphate, nitrate and suspended mater coatens (Latli et al, 2017). The
zooplankton followed the same trend: during the0E9he mean abundance of Rotifera was
between 300 and 500 ind‘lthrough the summer with maxima close to 4000 ifid.After
2010, the maximal abundance was lower than 10Q th¢l/iroux L., unpublished data

Benthic macroinvertebrate abundance is similahetto studied sites. The species richness
is slightly higher at Waulsort (28) than at Ham &teuse (25) mainly due to exotic taxa
which represent more than 80% of the sampled osgai In the channelized section in
Belgium, the benthic invertebrate assemblage isim@mied by crustaceans (e.g. Asellidae,
Chelicorophium sp and Dikerogammarus sp molluscs (e.g. CorbiculidaeDreissena
polymorpha..) and Oligochaetes. Pigneat al (2014) reported that invasive filter-feeders
can reach densities between 50 to 900 individuglsyb In the French site, we found many
taxa with preferences for fast-flowing conditiomsgy( Ephemeridae, Coleoptera and Diptera).
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The number of scrapers strongly has increasedanderin relation with the decrease of the
phytoplankton, which resulted in an improvement whter transparency, promoting
periphyton and macrophyte growth in the shallowests of the river (Latlet al, 2018)
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Figure 1: Long-term variation in the annual meatues of Chlorophyll-a (ug.d) in the
Meuse River between 1987 and 2016. Temporal trevete modelled using a Generalized
Additive Model with residual autocorrelation struiet. Solid line and dots correspond to
Ham-sur-Meuse (France) and dashed line and cros3&sulsort (Belgium). (Data sources:
Water Agency Rhin-Meuse, Public Service of Walloaima WAter CONtrol DAta system for

hydrology and water management).

Sampling and isotope measurement

Sampling protocol
Potential food sources and fish were sampled &t bités every two weeks from April to

September in 2013 and 2014. Aquatic vegetation aélgbryophytes, hydrophytes,

periphyton), terrestrial vegetation (bank and fd)it@lanktonic resources, macroinvertebrates
(Diptera, Ephemeroptera, Crustacea...) and younbefear fish were sampled as potential
food sources (N=591). Macroinvertebrates were sathplith a Surber sampler (mesh size
500 um) along the banks and by scuba diving inctiennel. By successive filtration, we

separated planktonic resources into two potentiadl fsources according to their sizes, from
0.6 to 30 um for fine particulate organic matted &0 to 150 um for coarse particulate
organic matters. Thirty um is the theoretical uppee limit of consumable preys by the

invasive molluscCobicula fluminegWay et al, 1990).

Every two weeks, 40 sampling points were randorelgced in the same part of the reach
where potential food sources were collected. Yonfnifpe year (YOY) fish were caught using
the point abundance sampling by electrofishing (PASpproach from a boat along the
banks, with a 7KW generator delivering a continuousent (150 - 300V at 3A) as proposed
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by Copp (2010). Electrofishing was also carried foutsampling adult fish along banks by
boat in a large type of habitat over a distanc&@-1000 m. We used a more powerful
generator (400 V at 5A, DEKA 7000) to maximise tla¢ch efficiency of large individuals.
Fish were anesthetized and sacrificed using ansexcé 2-phenoxyethanol (3mL/10L
freshwater) according to ethical requirements, ttesed with deionized water and frozen in
an Eppendorf. All the fish were identified at tlpesie level using determination key (Pinder,
2001). . Individuals were grouped into three clagsarvae, juvenile and adult), according to
their morphological development. We consideredaagake the newly hatched fish with no
remaining yolk sac and with dorsal fin rays in depenent and juvenile individuals with fins
sufficiently well developed to allow swimming in @p water (see Pinder, 2001 for more
information). We considered as adult specimens lwhigve more than one year. The term
YOY includes individuals at the larval and juverskages.

A total of 8162 fish (7914 YOY and 248 adults) fr@@ species were caught and identified.
Common bleak Alburnus alburnuy chub Gqualius cephalysroach Rutilus rutilug and
European perchPerca fluviatilig represented 78% of the total individual sampledtopic
analyses were carried out only on these four spetieeach site and for every sampling
dates, whenever possible, we randomly selected Q¥ Yer species for isotopic analysis
(common bleak: N=214, chub: N=635, roach: N=652 &uodopean perch: N=101). After
measuring the total length to the nearest mm, sssnpl lateral muscle tissue of each fish
were used for stable isotope analysis. Each indalidvas dried individually at 60°C for at
least 48 h and ground into a homogenous fine powderg a mortar and a pestle. Stable
isotope ratios measurements were performed viaimanis flow - elemental analysis -
isotope ratio mass spectrometry at University @fge, using a vario MICRO cube elemental
analyser (Elementar Analysensysteme GmBH, Hanatm&wey) coupled to an IsoPrimel00
mass spectrometer (Isoprime, Cheadle, United Kingddsotopic ratios were expressed
using the widespread notation (Coplen, 2011). Sucrose (IAEA-GBC = -10.8 + 0.5%,
mean + SD) and ammonium sulphate (IAEA-NZN = 20.3 + 0.2%o., mean + SD) were used
as certified reference materials. Both of theseregice materials are calibrated against the
international isotopic referencese. Vienna Pee Dee Belemnite (VPBD) for carbon and
Atmospheric Air for nitrogen. Standard deviations raulti-batch replicate measurements of
lab standards (fish tissues) analyzed interspeassohg the samples (2 lab standards for 15
samples) were 0.1 %o fér-°C and 0.3 %o fob™N.

Isotope metrics

For the twelve fish groups (4 species and 3 stages)posed at least by 5 individuals,
isotopic niche parameters were computed using tB&EFRS package for R (Jacksaet al,
2011). SIBER was used to generate bivariate stdnelfipses that represent core isotopic
niches of consumers, as well as convex hulls tbatpeise all individual of *°C ands™N
isotope bi-plot (Laymaret al, 2007a). Areas of these ellipses were estimatéal usn
computation method designed to minimise effectsnodll and/or uneven sample size (SEA
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Jacksonet al 2011). The cumulative overlap between ellipseshef different fish groups
illustrates the potential trophic competition amotaga at the site where samples were
collected.

We calculated the contributions of potential foadirses to each age class of each species’
diet with the R-software (R 3.4 version, R DevelgmmnCore Team, 2015) using the package
“MixSIAR” (Stock & Semmens, 2013). The isotopic \ions of potential food sources were
characterized by the mean of the taxa family (x SD) the abundance of each taxon
analysed (appendix 12). The MixSIAR models werestrmcted using Trophic Enrichment
Factors (TEF) determined previously by the autltansng a controlled experiment targeted
on YOY of the studied species (Ladli al, 2017b) and with the formula proposed by Gatut

al. (2009) for adults. To reduce the number of paaéfdod sources in the model, we pooled
prey types if stable isotope values were not sieaidy different as proposed by Philligs al
(2014).

In addition to age class analysis, MixSIAR was alsged to compute relative prey
contribution to the diet of each individual fishi¥ output was subsequently used to calculate
the individual trophic specialization of each fispecies and age class using the method
developed by Araujeet al, (2007) and Bolnicket al (2002) with the “RInSp” package
(Zaccarelliet al, 2013). For each fish group, we estimated the ITdiighe Width (TNW, a
measure of population-level variance in diet) asgsbm of diet variability within individuals
(or within-individual component, WIC) and diet valility between individuals (between-
individual component, BIC). A smaller WIC than BI€ generally related to a specialist
population. The ratio between WIC and TNW measutteel degree of intra-population
foraging specificity (also called individuality). ratio close to 1 indicates that all individuals
exploit the complete range of the population’s eicls opposed to populations that comprise
individuals having narrower isotopic niches thae thopulation which are considered as
individual dietary specialists.

Statistical analysis

Temporal trends of population indices (abundandemass and specific diversity) were
examined over the study period using GeneralizedlitA® Models (GAM; Fewster,
Buckland, Siriwardena, Baillie, & Wilson, 2000) amdodelled as a smooth nonlinear
function of time. Autocorrelation error was reduceg adding a residual autocorrelation
structure, optimized by minimizing the AIC critemioover several combinations of
autoregressive parameters (Zetial, 2009).

With a Generalized Linear Model (GLM), we charaided the relation between population
indexes with time and site interaction. We alsoduaeGLM to identify relations between
isotopic indices (SEA Overlap, WIC/TNW) and the ontogenic stage, thecgs and the site.
We realized the pairwise comparisons based on tiideBroni adjustement with tHemeans
package (Lenth, 2016).
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Normality of data and residuals were analysed \&itShapiro-Wilk test (Shapiro & Wilk,
1965)

Results

In both studied sites, we first caught larvae véathesorbed yolk sac from April (Figure 2),
with a maximum reached in May (18.5 larvae by mAfjer this date, the total abundance of
YOY communities varied depending on the spge=(0 .002, Table 2). In the most channelized
site, YOY abundance strongly decreased while itaiaed constant until September at the
less channelized station. The biomass and the espeichness were significantly higher at
Ham-sur-Meuse than at Waulsort, where they rematoedtant after a brief increase during
the first months of the study (respectivelx 0 .001 ancp = 0.005). Larval mortality of the
earliest spawning species was potentially offsethieyhatching of later breeding taxa at Ham-
sur-Meuse, but not at Waulsort. The abundance ob @nd roach varied in a similar way
over time at both stations studied, with a rapatease followed by a steady decrease. On the
other hand, the abundance of the two other spddiesed according to the station: common
bleak increased at Ham-sur-Meuse but not at Waulger 0 .001), whereas the contrary was
observed for the European perph<(0.001).
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Figure 2: Temporal evolution of abundance, biomasd species richness of the YOY fish
communities sampled at two sites of the Meuse Rive2013 and 2014. Abundances over
time are shown separately for common bleak, chobchr and European perch YOY.
Temporal trends were modelled using Generalized ithidd Models with residual
autocorrelation structure. Solid line and dots egponds to the lightly channelized reach and
dashed line and crosses to the heavily channelezsh.
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Table 2: Statistical evaluation of time and siteefs with a generalized linear model for three
population indices and YOY abundances of four gsecaught at two sites of the Meuse
River (Ham-sur-Meuse in France and Waulsort in Betg in 2013 and 2014.

p-values

Site Time Site * Time

Abundance 0.054 0.048 0.002
Biomass 0.005 0.001 <0.001
Species richness 0.015 <0.001 0.005

Alburnus alburnus < 0.001 0.008 <0.001
Squalius cephalus 0.68 0.237 0.477
Rutilus rutilus 0.689 0.013 0.099

Perca fluviatilis <0.001<0.001 <0.001

The diet of consumers for all stages of developmesd estimated with MixSIAR models
(see Appendices 12, 13 and 14 for more detailsp@th sites. Benthic macroinvertebrates
resources composed most of the diets of the feardpecies (Figure 3). Planktonic resources
and terrestrial vegetation were minimal componaifttarvae, juveniles or adults’ diets at
both sites. During the early ontogenic stages, fskimilated a larger part of aquatic
vegetation, mainly algae (95% Credibility Interg@ll): 5-57%), which tended to decrease as
fish grew (95% CI: 2-45%) in favor of fish prey,tably at Waulsort (95% CI: 9-74%). At
Ham-sur-Meuse, fish had a modelled diet mostly isbimg) of macroinvertebrates whereas at
Waulsort, fish consumed larger quantities of aquategetation and YOY (Figure 3).
However, the contribution of small YOY for larvaadajuveniles was smaller for cyprinids
than for juvenile European perch and for adulteégx bleak).
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The isotopic niche areas (SE)and the niche overlaps of the twelve groups ecss and 3
stages) modelled with SIBER (see Appendix 15 foraraetails) did not differ between the
studied sites, and the slopes of the regressioweleet these two parameters were not
significantly different, reflecting an absence wiieiraction with sitesp(= 0 .8, Figure 4).
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Figure 4: Relationship between the isotopic nicreagSEA) and the cumulative overlap
area between isotopic niches of 4 species of feghtured on 2 sites of the Meuse River
differing by the degree of regulation, in 2013 20d 4.

This finding is confirmed by a post-hoc test (Fig&) which highlights that the isotopic niche
overlaps between species were significantly widetind) the early-life stage (larvae,<
0.001) while the isotopic niche size (SEAlid not significantly differ (Figure 5). In both
sites, niche overlap was greater during the |sstade.

At each ontogenic stage, the three species of mgpfish (common bleak, chub and roach)
had a niche overlap significantly higher than Ewap perch(p< 0.01), and two of the
cyprinids depended on a greater diversity of resssithan the perch (larger SEAc for chub,
p<0.01, and roacip< 0 .05).
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Figure 5: Comparison of the isotopic niche areaA§Eand the cumulative overlap area
between isotopic niches of 4 species of fish cagturn 2 sites in 2013 and 2014. The
significance of the interaction was tested usingmaeralized linear model (* P < 0.05, ** P <
0.01, ** P < 0.001).

By studying the diet of each individual (WIC) reddtto the group to which it belongs (TNW)
we evaluated the relative degree of individual sdeation (individuality). The slope of the
regression was significantly different betweentthie sites p < 0 .001) which suggests that at
least one studied group had a more specialized adi®/aulsort than at Ham-sur-Meuse
(Figure 6). Individual specialization appeared leigfand WIC lower) relative to total niche
variation (TNW) at Waulsort, indicating that sonmesimens consumed prey which strongly
differed from the rest of the population in the idsannelized reach.

154



Within-Individual Component (WIC)

Individuality (/1)

Ham sur Meuse Waulsort
1 :L 4
ow e

2 4|@ Common bleak 2 (@ Common bleak
®m Chub ®m Chub
@ Roach @ Roach
m European perch m European perch
@ {| 0 Adult X 4|0 Adult
A Juvenile A Juvenile
+ Larvae + Larvae
R?:0.95 R?:0.83
g_Y=0.92x+0 - g_ Y=049x+0
12|2
= High S A
0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 08 1.0
Total Niche Width (TNW) Total Niche Width (TNW)
Figure 6: Relationship between the Total isotopichd Width (TNW) and the Within-
Individual Component (WIC) of 4 species of fish tapd on 2 sites of the Meuse River by
the degree of regulation during 2013 and 2014.sItyee of the relationship (solid lines) is an
indicator of the dietary specialization of the plapions.
The post-hoc test established that larvae had & smecialized diet in the Belgian site than
those of the French sitp € 0 .01, Figure 7). Furthermore, roach larvae weoeengeneralist
at Ham-sur-Meusep(< 0 .05) than at Waulsort, and chub and bleak lateaded to follow
the same trend.
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Figure 7: Comparison of dietary specialization (\WIBW) by life stage and species for four
species of fish captured at two sites on the Mdariser in 2013 and 2014. Lower values
indicate greater specialization. The significandetlee relationship was tested using a
generalized linear model (* P < 0.05, ** P < 0.6%,P < 0.001).
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Discussion

Ecological impacts of river regulation on habitatedsity and fish assemblages have been
widely documented, but their role in the trophiengetition between fish ontogenic stages
has been poorly investigated so far (Mapeal, 2015; Wedderburet al, 2017). In a low
planktonic resource context, we hypothesized thathiabitat heterogeneity potentially offers
a greater resource availability and diversity, Whiccreases the abundance of young of the
year fish and reduces trophic competition, notaliging the earlier stages of development.

Our observations supported the hypothesis that riggulation potentially influences fish
recruitment. Between April and June, abundance @ Yncreased in a similar way at both
sites. However, in the channelized reach, YOY ahuood decreased afterwards, whereas it
remained constant in the less regulated reach.nifisbe related to the later reproduction of
other fish species as tendlinca tincg common carpgCyprinus carpio,minnow Phoxinus
phoxinus, barbel Barbus barbusor common breamAbramis brama which compensated
mortality of the early spawning species as roaath emub (Bass, Pinder, & Leach, 1997;
Pinder, 2001). The habitat diversity due to late@inection and low-regulated main stream
could improve fish recruitment by offering nurségbitat for a larger number of species, and
potentially a wider diversity of food sources (Soher, Spindler, Wintersberger, Schneider,
& Chovanec, 1991; Keckeis, Winkler, Flore, Recketelp & Schiemer, 1997; Reckendorder
et al, 2001; Konrackt al, 2016; Nagayama & Nakamura, 2018). In the OuserRithe
recruitment of numerous species decreased and ayaniyid fish became locally extinct due
to the river regulation and habitat homogenizat{@opp, 1997). In the Maumee River,
lithophilic spawning fish and many cyprinid larvlenefited from the improvement of habitat
quality and complexity (Mapest al, 2015). In this study, habitat diversity did noipact the
recruitment of the two generalist species, roaah @b, whose density was comparable to
other rivers (Valovét al, 2006). This is in agreement with the report byajtla, Reichard,
Hohausova, & erny (2001) on rivers of the Danube basin, whererrchannelization barely
impacted limnophilic species. In contrast, rhedphspecies as nasghondrostoma nasusr
spirlin bleakAlburnoides bipunctatusvere more sensitive to river flow regulation, witre
exception of chub which was potentially better addpo hydro-morphological modifications
(Valovaet al, 2006).

The abundance of common bleak and European perch diered in the Meuse River
according to the studied reach. This divergencddcbe linked with the density of adult
European perch which decreased over time in thachrsite, but remained constant in the
Belgian section, while the opposite was observedhfe common bleak (Alonset al, 2014;
Benitez et al, 2015). In another study, we showed that plankiecline and increased
predation risk €.g.the great cormorarfPhalacrocorax carband the European we&ilurus
glanig) influenced trophic structure of the fish commyrf the Meuse River (Latlet al,
2017a), which could potentially differ accordingtbh@ diet type and the importance of human
perturbation.
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The temporal changes in YOY catches could also thébwated to deliberate dispersal
movements. During early stages, fish disperse framsery areas to appropriate rearing
habitats (Lechneet al, 2016) mainly at night to reduce predation riskhf@son & McKenna,
2007). This dispersion could occur accidentallylofeing high flow episodes for example
(Pavlovet al, 2008). The motivation of intentional drifting ot clearly addressed in the
literature and may be stimulated by food avail&pitir search for a specific habitat (Lechner
et al, 2016), but to our knowledge, there are no stuliidsng food quality or quantity to
YOY drift events.

YOY fish are sensitive to environmental changesajdaet al, 2001; Wedderburet al,
2017) but also to food availability (Nunn, Harvéy,Cowx, 2007). In the Meuse River, the
decrease of planktonic production has resulted dretishift of the four studied fish species,
which turned to foraging in the benthos indepengesftthe degree of channelization and the
abundance of riparian resources (Latlial, 2018). Our results show that the diet of différen
cyprinid larvae and juveniles was mainly composédoenthic macroinvertebrates, with
minor contributions of aquatic vegetation. YOY $hd benthic prey when planktonic prey
decrease, which could indicate that benthic inbedies were their optimal food sources in a
low planktonic context (Nunret al, 2012). A similar response has been reported by
Hoogenboezem, Lammens, van Vugt, & Osse, (1992)ther common bream under
zooplankton abundance lower than 500 iffd.Eor many cyprinids and percids, switching
from water column feeding to a selective capturéaithic prey could decrease the relative
energy gain (Nunet al, 2012) and enhance competition, which could kegated by habitat
diversity and presence of alternative resourcegdP& Resetarits, 2017).

YOY fish diet was partly composed by aquatic vegeta(.e. bryophytes, spermaphytes,
algae...) which could be important for some speceg.( 25-29% of the larval diet for
common bleak). This low-energy food contributed entar YOY fish diet in the more heavily
channelized reach, while macroinvertebrates weeéeped in the other on@dult diet also
differed according to the studied site. In the lgsannelized reach, the diet of the four species
comprised mostly benthic macroinvertebrates, whitethe other site, macroinvertebrates
were less consumed and feeding on aquatic vegetatid on small fish contributed more to
adult diets. At Waulsort, almost half of the didt European perch, chub and roach was
composed by YOY fish, while at Ham-sur-Meuse thispprtion was less than 20% even for
the European perch, which is known to prey uponh fiervae in addition to
macroinvertebrates (Linzmaiet al, 2018). Fish feeding habits at Waulsort couldibkeld
with lower availability of benthic macroinvertebeat and with higher competition for food
between consumers. The poor habitat structural @ty could also have facilitated
predation on YOY fish at Waulsort, by increasing fbraging success of multiple predator
species(Warfe & Barmuta, 2004). Therefore, YOY were poighy affected by both low
food availability and high predation risk.

In the absence of planktonic resources, YOY cygamnostly consumed the same resources
whatever their ontogenic stages (i.e. larval orepile). Theoretically, when resource
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availability is reduced, fish trophic niche widdmtls to increase due to the diminution of their
preferred diet (Bisomt al, 2015). Juvenile fish generally consumed a broaaege of prey
types (zooplankton, macroinvertebrate larvae...) tharae. Older YOY likely easily feed on
a wide range of preys due to a larger mouth sizkimproved mobility (Nunret al, 2012).
However, we found that trophic niche areas of the ontogenic stages studied were similar
regardless of the site. Niche overlap, on the ollaerd, was higher for larvae. This provides
some evidence that the plankton diminution redubedarval diet diversity, causing them to
forage on other resources, such as benthic maeebrates which are also coveted by
juveniles (Nunret al, 2007a). Larvae were potentially constrained tolwagreater herbivory,
which could have been less metabolically efficiant might have decreased growth rates
(Post & Parkinson, 2001).

Trophic competition and predation risk promotedt ghtasticity, which could impact less
competitive species such as common bleak (Lammendo&genboezem, 1991). In the
Meuse River, YOY and adult abundance of commonkbtescreased since the 1990s in the
heavily channelized reac{Benitez et al, 2015), potentially due to the increase of great
cormorant abundance and the decrease of plankt@sources (Latliet al, 2017a).
Conversely, the low plankton availability recordedthe Meuse River affected the trophic
niche of the European perch in Waulsort differentBontrary to YOY cyprinids, perch
juveniles had a smaller isotopic niche which mdahasthey consumed less diverse resources;
they mainly focused on benthic macroinvertebratad &¥OY fish prey. Furthermore,
European perch seemed less affected by the intgfispeompetition, as their niche overlap
was smaller than the one of cyprinids. Due to atydetching and a rapid growth (Pinder,
2001), young perches could swallow fish larvae dade benthic macroinvertebrates
potentially inaccessible to other YOY taxa (Pers&dnansson, 1999).

Even though food depletion could increase mortalityis rarely observed because food
competition generally favors diet partition betweeansumers (Olssoret al, 2006).
Moreover, intensification of trophic competitionatonot necessarily entail any effect on the
population niche, but can instead promote diet rdifieation within a population, i.e.
individual specialization (Araujet al, 2011; Bolnicket al, 2010). Here, larval isotopic niche
widths (a proxy of the diversity of resources ubgd population) were similar between sites.
However, channelization induces individual troplsigecialization of larvae. In the less
regulated reach, cyprinid larvae had a generaigtf dhile in the heavily channelized reach
individuals exhibited a more specialized diet aigehtowards several macroinvertebrate taxa
or aquatic vegetation. Many authors reported théitvidual specialization is a way to reduce
trophic competition (Aradjeet al, 2011; Diaset al, 2017). In the channelized reach of the
Meuse River, larval specialization seems to be @ wwadeal with plankton rarefaction and
increased trophic competition for macroinvertelsatgth older stages of fish. Despite the
fact that abundance of YOY cyprinids was similathie two sites, all larvae from Ham-sur-
Meuse focused on their optimal source food, i.&rge panel of macroinvertebrate taxa. At
Waulsort, low habitat diversity likely increasedethmesource partitioning between YOY
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(Marklund et al, 2018) and forced the less competitive stageslarvae) to consume less
energetic food sources as bryophytes and algae.

Early life stages are critical periods for manyamgms, and they require more accurate study
to improve our understanding of community ecologyd aecosystem functioning in a
framework of human disturbances (Mam¢sal, 2015). This study highlights the key role of
intraspecific resource repartition for YOY fish @y to cope with plankton-depleted
conditions. Younger cyprinid stages seem more teby intra and interspecific competition
in the more channelized reach. YOY fish communivese also less diversified and abundant
in the more altered site, which highlight the intpace of limiting channelization for a better
fish community conservation.

159



Ce gu'il faut retenir de ce chapitre

Dans le 8™ chapitre, nous nous intéressons & la compétitioneataire de 4 espéces de
poissons aux stades alevin, juvénile et adulte i biefs de la Meuse differements
ameénageés. Nous éemettons I'hypothese qu’en cas i fdisponibilité des ressources
planctoniques, la compétition alimentaire est jhgortante pour les jeunes stades au niveau
de la station la plus anthropisée, réduisant Iptituae a atteindre 'age adulte.

L’abondance des alevins diminue au cours du teraps th station aménagée tandis qu’elle
reste relativement constante au niveau de la statimins impactée. La diversité de I'habitat

permet potentiellement la reproduction et la cenise d’alevins de différentes especes de
poissons en Meuse francaise qui compense la mértediurelle des alevins nés au début du
printemps.

Le régime alimentaire des poissons de la Meuseasrde faible disponibilité des ressources
planctoniques, est composé majoritairement de nma@débrés benthiques et de végétaux
aguatiques. Les alevins consomment une part plperiante de végétaux aquatiques que les
juveniles, malgré le faible intérét énergétiquecdtte ressource. Cet attrait pour les végétaux
peut étre expliqué par une exclusion alimentaired® par les juvéniles plus efficace que les
larves dans la capture de proies de taille plu®itapte comme les macroinvertébrés.

La plus grande diversité des ressources alimest@&neMeuse francaise induit un régime
alimentaire généraliste chez les alevins. Au cing{r@n Meuse belge la plus faible diversité
potentielle des ressources ne permet pas aux aldgifimiter la compétition trophique ce qui
peut créer une spécialisation alimentaire chezles jeunes stades forcant une partie des
individus a consommer des ressources peu énergstiqu
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Chapitre 7

Discussion générale

1. Etat des lieux de la Meuse: tendances temporelleydrologiques et
hydrobiologiques d’un fleuve anthropisé

A bien des égards, la riviere Meuse semble étréamsysteme particulierement dégradé a
'échelle locale, du fait des activités anthropigjuet de la densité de population
particulierement importante localisée sur une geapartie de son bassin versant. De plus, a
l'instar des grands cours d’eau de la planéte, éudéd souffre d’atteintes plus globales liées
aux phénomeénes de changement climatique et d’iowadbiologiques. Etudier I'évolution
temporelle des variables thermiques, hydrauligpégsico-chimiques ou biologiques d’'un
grand cours d’eau requiert un suivi a long termevecant un long linéaire de la riviere. Basé
sur un suivi couvrant un linéaire de 427 km deérei(5 sites) pendant 24 années (1987-
2011), nous avons pu mettre en évidence que dé&pftiis des années 80, la moyenne de la
température annuelle de l'eau a progressivemenmentg (de l'ordre de 0,9°C). Ce
changement graduel, corrélé aux températures mled& comparable a ce qui est reporté par
d’autres scientifiques aux Etats-Unis (augmentaties températures de 0,009 a 0,C7@ar

an selon Kaushait al, 2010). Toutefois, cette augmentation de la teatpéz de I'eau ne
s’accompagne pas d’'une diminution des débits coroomstaté au niveau de rivieres plus
méridionales comme la Loire ou, au cours des 3iéle®m décennies, le débit moyen a
diminué d’environ 25% (Flourgt al, 2012). La concomitance de ces deux paramétrestaff
particulierement les macroinvertébrés benthiquedadéoire notamment au cours de la
période estivale. Les taxons rhéophiles a tendpsgehrophile, comme les Chloroperlidae,
Perlodidae et les Oligoneuriidae, ont été rapidemaéfiectés par le réchauffement des eaux
(Flouryet al, 2013). Les macroinvertébrés benthiques de la Meaagrésentent pas la méme
réponse aux changements climatiques, seule l'alboedales taxons définis comme
eurythermes répond significativement a I'augmeartatie la température de I'eau. Il faut
toutefois tempérer ce résultat car la base de dmnuidlisée pour cette étude ne permet pas de
répondre objectivement a cette question. Premiarfemia chronologie de données
exploitables des inventaires de macroinvertébréeassez courte et débute en 1998. A cette
période, il est probable que les taxons les plusibles aient déja disparu des stations
étudiées du fait du développement de I'eutroplisattn effet, I'impact du réchauffement des
eaux pourrait étre confondu par le niveau de polubrganique, particulierement important
au cours de la période 1970-1980, spécialemenivaaun des stations les plus en aval avec
des teneurs moyennes annuelles en ammonium madéer®lF mg N/L et en orthophosphates
de 0,8 mg P/L. Deuxiemement, les analyses ontéatiisées sur des inventaires annuels et
nous aurions obtenu une meilleure précision enrpurant I'aspect saisonnier dans nos
calculs. Néanmoins, I'impact du réchauffement subibcénose des rivieres ne doit pas étre
minimisé car il peut avoir une incidence indireste I'écosysteme, en amplifiant I'effet des
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toxiques, en favorisant I'implantation d’espécesge&nes ou en provoquant une hausse de la
productivité du systeme (Caissie, 2006; Johretal, 2009).

La hausse de I'état trophique induite par le rétfement des eaux (Jenningsal, 2009) n'a
pas été constatée en Meuse mais, a linverse, desentrations de phytoplancton et de
zooplancton ont fortement diminué (plus de 85%)layrériode étudiée. Bien que I'épuration
des eaux ait réduit significativement les apponthi@piques de nutriments dans la riviere, les
concentrations en phosphate et en azote restentlimitantes au développement du
phytoplancton contrairement a d’autres riviereopéennes comme la Loire (Larrouetéal,
2013; Minaudeet al, 2015). Le déclin des populations planctoniquekaddeuse est attribué
aux mollusques invasifs filtreurs, CorbiculidaeDetissenidae (Pignewt al, 2014), qui par
leur densité importante et leur plasticité phénioilyp sont capables de s’adapter et de
modifier différents écosystemes (Straytral, 1999). On retrouve ces organismes dans de
nombreux hydrosystemes de Franeeg[Rhone (Daufresnet al, 2007)], d’Europe 4.9
Grande Bretagne (Bowed al, 2011)], du mondeg|g riviere Hudson (Strayest al, 2008),

rio de la Plata (Lercari & Bergamino, 2011)].

De nombreuses observations, compilées par Gal&rdb(2016), reportent que l'invasion de
mollusques filtreurs influence négativement les ysafons planctoniques mais a un effet
positif sur les communautés de macroinvertébréshimpres et aucun impact vis-a-vis de la
faune ichtyologique. La plupart de ces études me Isasées que sur des indices écologiques
relativement globaux (abondance, diversité et afiité) et ne sont pas assez précis pour
déceler les perturbations qui ont lieu au seinad&ructure du peuplement. Dans notre étude,
aucune tendance globale nette n’est ressortieutikestation des indices plus généraux hormis
laugmentation de la diversité taxonomique des wiagertébrés probablement liee a
'apparition de nouvelles especes exogenes. Emoiea I'utilisation des traits d’histoire de
vie a permis de discerner les modifications fomutglles induites par la réduction du
phytoplancton sur les communautés. Les réponsésgiaes d’ordre trophique corrélées a la
raréfaction des ressources planctoniques sontlies rptables. Tout d’abord, la structure
trophique des communautés ichtyologiques a évéhlindance des poissons omnivores se
nourrissant dans la colonne d’eau (ablette commgeelon...) a significativement diminué.
En revanche, la proportion d’especes benthiguesatomant des macroinvertébrés a
largement progressé. Certaines especes de pojsadigdlement planctonophages ou passant
par ce stade durant les premiers mois de leur dgpeiment (Thorp & Casper, 2003) ont
certainement été pénalisées par la diminution dagbbn et plus spécialement des rotiferes.
Les rotiferes dominaient les communautés planct@scdurant les années 90 mais restent
particulierement sensibles a la prédation des mgllas invasifs (Jack & Thorp, 2000). Ce
sont, en outre, les proies préférées de nombréaises de poissons (Nurm al, 2007a). La
structure trophique des macroinvertébrés benthiqgaeggalement été affectée par la
diminution du plancton mais de maniéere différengéecdlle des poissons. La réduction de la
turbidité a permis une plus grande pénétrationadeirhiere favorisant le développement du
periphyton et des organismes brouteurs (scrapesB)gmt de cette manne alimentaire.
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Les changements structurels directs des communédatésacroinvertébrés benthiques liés a
la diminution du plancton sont relativement peu amants, toutefois des conséquences
indirectes semblent avoir une plus forte incidehc¢accroissement du nombre d’invertivores
exerce une pression sérieuse sur les macroinvéstébrtel point que la structure des
communautés évolue conjointement avec le risquepmdelation. Les taxons favorisés
disposent des traits d’histoire de vie que l'onilaie généralement aux especes a stratégie
«r» majoritairement de petite taille, a la craizse rapide, investissant énormément
d’énergie a la reproduction et a la dispersion giesétes (Pianka, 1970). Au contraire, les
taxons a stratégie « K » qui ont une croissancsi ajn’'une maturité plus tardive, sont
€galement plus sensibles aux perturbations env@roentales. La proportion de ces individus
répondant a ces caractéristigues décroit signifmaient dans les communautés de
macroinvertébrés mais également de poissons deslsd/ La pression de prédation exercée
par le Grand cormoran peut étre considérée pouwolesnunautés ichtyologiques comme une
perturbation limitant I'accés a certaines ressaime réduisant le recrutement des espéces a
maturité tardive (Orpwoost al, 2010; Bergaminet al, 2012).

L’évolution structurelle des communautés obsernagteMeuse est analogue aux observations
ou prévisions rapportées sur d’'autres cours d'eamadnde entier pour les macroinvertébrés
(Durance & Ormerod, 2009; Floust al, 2013) et les poissons (Daufresne & Boét, 2007;
Buisson & Grenouillet, 2009). La majorité des éviolns biologiques relatées, notamment
celles liées aux stratégies r/K, est corrélée adwangements hydro-climatiques. Certains
chercheurs suggérent alors qu'il existe un patenégonses biologiques a grande échelle des
communautés aquatiques au réchauffement globalurfFlet al, 2013). Les changements
structuraux observés en Meuse ne sont toutefois quaelés aux mémes variations
environnementales et je souhaiterais formuler delngections tempérant I'hypothése
précédemment citée. Premiérement, la plupart deslegt mentionnées rapportent la
colonisation du milieu par un ou plusieurs mollusgjinvasifs filtreurs ainsi qu’une réduction
du phytoplancton. Toutefois, aucune étude n’a priscompte linfluence indirecte de la
réduction des ressources induisant I'accroisserdantisque de prédation sur les taxons
spécialistes plus sensibles, effet particulieremieportant sur la Meuse. Deuxiemement, il
est possible que le succes des taxons a stratégie provienne en grande partie de
'abondance des especes exogenes. Les taxonsfiwasi généralement une stratégie de
propagation rapide basée sur une forte dispersgsrgdmetes et un cycle de vie relativement
court. De plus, dans les grands fleuves anthropilséeprésentent généralement une grande
proportion des individus rencontrés, comme sur lausé belge ou moins de 50% des
macroinvertébrés benthiques capturés sont endogiri@st néanmoins modérer ce résultat,
car I'évolution des traits d’histoire de vie desigsons considérés dans cette étude suit la
méme tendance que les macroinvertébrés malgréibée farésence de taxons exogenes
composant la communauté ichtyologique.

Malgré la concomitance des tendances biologiqueserabes, la divergence des causes
suspectées entre les études illustre bien le centaxlti-stress dans lesquels évoluent les
organismes des grands hydrosystemes fluviaux ediffeculté d’identifier les relations
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causales nettes. L'enchevétrement des pressiortsnpeis amener a confondre différents
effets rendant alors nos affirmations inexactesariM#ins, la diminution des ressources
planctoniques induit des réponses biologiques goste un long linéaire de la Meuse. Ces
réponses semblent toutefois varier en fonction adenéthode de gestion du cours d’eau
employée.

2. La diversité de [I'habitat, un rempart face aux perurbations
trophiques ?

Habitat et diversité trophique

Les communautés animales et végétales tendent adirdiversifiées et abondantes dans les
ecosystemes anthropisés du fait de 'homogénérsatio de la fragmentation de I'habitat
(Boét et al, 1999). Cette affirmation parait éculée tant @l€té observée dans un grand
nombre de milieux et rabachée par les scientifidBeésenget al, 2004). Le fleuve Meuse ne
déroge pas a la regle et, bien que la diminutios r@ssources trophiques ait impacté les
communautés sur un long linéaire indépendammengadqualité hydromorphologique, il
apparaitrait que certains taxons aient été plusc@$ au niveau de la partie belge de la
riviere. Il a été effectivement rapporté dans laptre 3 que les stocks de gardons et
potentiellement d’ablettes communes ont décru de gé 90% sur la période étudiée, suite a
la diminution des ressources planctoniques et degthentation du risque de prédation
(Otjacqueset al, 2016). Cependant, une telle décroissance dedgimms de gardons n’a pas
éte observee par Alonsat al, (2014) sur la partie non navigable de la Meusedaise
malgré le fait que le site étudié soit assujetki m&émes types de pressions qu’en Meuse belge
(Latli et al, 2017a). De plus, il semblerait méme que I'abordaies taxons spécialistes, plus
sensibles a la qualité de I'habitat et de I'eawgnaente a partir des années 2000 en Meuse
francaise. Cette tendance, également observéea dwnire (Floury, 2013), est probablement
lite a 'amélioration générale de la qualité daliele la Meuse, notamment de la diminution
des matiéres organiques, confondant I'effet lié pakurbations trophiques et biologiques
décrites précédemment.

Certaines conséquences de la réduction des ressopl@nctoniques sur les communautés
animales paraissent donc différentes en fonctiodadgualité hydromorphologique de la
riviere. Deux hypothéses pourraient expliquer celiteergence. La premiére concerne les
fonctionnalités écologiques dépendantes de la tgud®é I'habitat. Les especes spécialistes
requiérent un habitat diversifié et de qualité afan satisfaire les différentes étapes de leur
cycle biologique (McPeek, 1996). Par exemple, badiars assurent le bon développement
embryonnaire des especes de poissons rhéophilles ennexes hydrauliques forment un
refuge adapté aux jeunes individus lors des vanatihydrauliques (Copp, 1989). La
communauté de macroinvertébrés benthiques estnégaletres sensible a la qualité de
I'habitat. L’hétérogénéité de I'habitat est génénaént associée a une diversité taxonomique
et fonctionnelle élevée (Wallace & Webster, 1996).

La seconde hypothése qui pourrait expliquer le treirdes populations de gardons et autres
especes a tendance planctonivore en Meuse franmgalgeé la diminution de cette ressource,
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est la présence de sources alimentaires altersadigponibles au sein des différents habitats
recensés. La faible profondeur de la Meuse fraacassociée a la présence de zones de
rapides et de mouilles assure le bon développerdenta végétation aquatique et du
periphyton. Ces ressources pourraient compendeseiae de matiére nutritive dans le seston
et ainsi maintenir les effectifs de certains taxd@isst essentiellement cette hypothése qui va
nous préoccuper dans cette seconde partie de leusdien. Afin d'étayer notre
argumentation, nous nous appuierons sur I'étudeédime alimentaire potentiel et observé
des communautés de macroinvertébrés benthique® gtoidsons de la Meuse belge et
francaise.

Les macroinvertébrés constituent un maillon essked#s réseaux trophiques aquatiques. lls
assurent le lien entre les producteurs primairéssetonsommateurs secondaires ou tertiaires.
lls jouent également un réle primordial dans langfarmation des matieres organiques
autochtones et allochtones (Angradi, 1994). L'étdéela niche trophique potentielle des
macroinvertébrés tend a confirmer qu’un habitatévpermet a la communauté de diversifier
les sources alimentaires consommées. Bien quevéasité taxonomique soit plus élevée en
Meuse belge, la répartition de l'utilisation desits liés au régime alimentaire augmente au
cours du temps en France mais non en Belgique.é8dtat sous-entend que, suite a la
diminution du plancton, les ressources consommaekgommunauté de la Meuse francaise
de macroinvertébrés sont mieux réparties qu’enigeadg De plus, on y retrouve une part plus
abondante d'individus présentés comme spécialistest-a-dire ayant un régime alimentaire
théorique original vis-a-vis de I'ensemble de lancounauté. Un habitat diversifié offrirait
donc des ressources alternatives exploitablesepanacroinvertébrés et limiterait I'impact de
la raréfaction d’'un type d’aliment. Ce résultatdhgque, car il résulte d’'une étude basée sur la
niche potentielle de la communauté, est confirnrd’aude isotopique de la niche trophique
réalisée. La largeur de la niche trophique de lamanauté de macroinvertébrés de France
est plus importante qu'en Belgique ce qui indiques de régime alimentaire y est plus
diversifié et composé partiellement de ressouryestades valeurs d&-C plus proches de
zéro, comme le périphyton et certains végétauxtapes (Perga, 2007).

Néanmoins, d’autres résultats tempeérent cette grenaffirmation. Premierement, bien que
les sources alimentaires soient plus variées danslieu moins perturbé, I'importance de la
contribution des ressources autochtones comme Yesophytes et le périphyton est
visiblement accessoire pour la communauté de nmaadebrées. Le régime alimentaire des
macroinvertébrés des deux sites étudiés est majeritent constitué de matieres carbonées
provenant de la végétation aquatique (algues evpbmtes) et de matieres organiques
deétritiques issues essentiellement de la végétaienaine. Des résultats analogues ont été
publiés par de nombreux scientifiques (Angradi,4%%eug & Winemiller, 2008; Thorp &
Bowes, 2017) sur de grands fleuves américains. Gomour la riviere Meuse, les apports
algaux et des matieres issues des plantes tegesinéribuent majoritairement a la biomasse
de macroinvertébrés et de poissons. Il exister@tnmoins certaines variations liées a la
dynamique hydrologique de la riviere. En périodétidge, la contribution algale est
majoritaire, et en cas de débit plus élevé ou des grande charge de sédiments en
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suspension, I'apport des plantes terrestres dadséau trophique augmenterait (Roathl,
2015).

Deuxiemement, on observe une dissemblance impertdes réponses trophiques des
consommateurs en fonction du type de niche étymtitefitielle/observée). L'étude des traits
liés a l'alimentation indique clairement une cdmtition théorique du périphyton trés
importante pour la communauté de macroinvertéboésposée de prés de 25% d’individus
brouteurs et un trés faible apport des plantes tapes. Cette divergence pourrait étre
expliqguée par un biais di a I'inventaire des orgawgis. En effet, la modélisation isotopique
de la communauté est constituée majoritairememtdiVidus collecteurs, de mangeurs de
sédiments fins ou de broyeurs, capturés uniquediaide d’'un Surber. En revanche, les
données employées afin de calculer la niche peietide la communauté de
macroinvertébrés proviennent d’'inventaires plus glets (IBGA) et affichent une proportion
élevée de brouteurs. Il aurait idéalement été mabfé d'utiliser les organismes obtenus via
un inventaire biologique unique afin d’évaluer a@anjement la niche trophique potentielle et
observée (Devictoet al, 2010). Il faut également garder a I'esprit que rieacroinvertébrés
affichent une plasticité importante du régime atitage qui évolue en fonction des stades
larvaires ou de la taille des organismes (Ussdgtilateraet al, 2000), complexifiant ainsi la
comparaison des méthodes.

Habitat et compétition alimentaire

De méme que pour les macroinvertébrés, les comnémathtyologiques ont également été
affectées par la diminution trophique et le risgeeprédation. Ces pressions ont restreint, au
sein des deux sites, I'équilibre de [l'utilisatioresdtraits liés a I'alimentation, limitant
'abondance des poissons omnivores et piscivoregraiit des insectivores. Néanmoins, la
disponibilité des ressources planctoniques n'adfquas directement les individus adultes,
l'effet est plus insidieux sur les populations dhrréduit principalement le succes du
recrutement. Une étude de Cryatral. (1986) témoigne de I'importance du zooplancton,
notamment de I'abondance des rotiferes et copépdaes le succés du développement et
donc, de la survie des larves de gardons en migieustre. Lors des années ou le pic de
production du zooplancton correspond a I'éclosies geunes gardons, le recrutement des
gardons est optimal. En cas de faible abondancelakcton, les alevins se tournent
généralement vers divers types de proies plus oinsmefficients en terme de rapport
énergeétique tels que les végétaux aquatiques oundeminvertébrés benthiques (Nugtral,
2007a, 2012) renforcant la disparité des régimémeataires ainsi que la compétition
trophique entre les individus (Welket al, 1994). Les rivieres non navigables offrant une
mosaique d’habitats, donc de proies potentielledeatefuges, plus importante qu’en milieu
ameénage pour la navigation, nous pouvons suspgaela survie des larves y est supérieure
et que la compétition alimentaire y est moins féroc

L’évolution de I'abondance relative a été mesum@ des inventaires bimensuels recouvrant
une période critigue de la vie des jeunes poisstm$année, depuis la résorption de la
vésicule vitelline jusqu'a l'apparition de la plupales caractéristigues d’adultes liées a la
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mobilité. La comparaison de I'évolution de I'abonda des larves et des juvéniles entre les
deux sites confirme les observations réaliséeshapiite précédent. L’'abondance des alevins
augmente exponentiellement durant les mois d'atrdle mai puis reste constant en Meuse
francaise mais décroit sur le linéaire belge étu@iétte différence peut étre expliquée par
I'évolution de la diversité taxonomique des aleviasensés qui augmente graduellement en
France tandis qu’elle reste constante en Belgifaestation faiblement anthropisée permet
donc a un plus grand nombre d’especes de poisgonsipalement des taxons plus exigeants
en terme d’habitat, d'y réaliser I'entiéreté derleycle biologique. La reproduction plus
tardive des tanches, des vairons et des barbeauiatiles (Pinder, 2001) compense la
mortalité naturelle des especes a éclosion plupeécomme les gardons et les chevaines.
La diversité de I'habitat aquatique et la présediemnexes hydrauliques sont deux critéres
essentiels au maintien d'une communauté diversdidls offrent des sites de reproduction
pour les adultes mais également des zones de refugkalimentation pour les alevins
(Humphries & Lake, 2000; Konraét al, 2016; Nagayama & Nakamura, 2018). Dans la
riviere Ouse, 'homogénéisation de I'habitat etrégularisation des débits a conduit a
I'extinction locale des espéces les plus exigeaftepp, 1997). Dans la riviere Maumee, les
travaux de diversification de I'habitat ont perrfianélioration du recrutement des especes
cyprinicoles lithophiles (Mapest al, 2015). En revanche, Jurajdaal. (2001) ont observé
dans le bassin du Danube que les especes cypesigéhéralistes sont peu impactées par la
régulation des cours d'eau. De plus, contrairenzerite nombreuses espéces rhéophiles,
comme l'ablette spirlin ou le hotu, les chevainestpeu sensibles aux modifications d’ordre
hydro-morphologique (Valovéet al, 2006). Nos résultats sont en accord avec ces
observations, aucune différence d’évolution dediadance des jeunes de I'année de gardons
et de chevaines en fonction du degré d’anthropisatiu cours d’eau n'a été constaté en
Meuse.

Les jeunes poissons de I'année sont sensiblestangements environnementaux (Juratla
al., 2001; Wedderburet al, 2017) mais également a la disponibilité des asss (Nunn,
Harvey, & Cowx, 2007). Faute de données antériearesette étude, il est impossible
d’étudier les conséquences directes de la privatoonooplancton sur les alevins de la Meuse,
mais il est envisageable d’extrapoler son effetlasijeunes de 'année en fonction du degré
d’aménagement de la riviere. Du fait que les lardescyprinidés soient essentiellement
planctonophages pendant les premiers mois de Xsterce (Pekcan-Hekimt al, 2016), la
raréfaction de cette ressource a induitstiit alimentaire de ces larves indépendamment du
degré d’aménagement du cours d'eau. Les larves guns les juvéniles consomment
majoritairement des macroinvertébrés benthiques galement divers types de végétaux.
De nouveau, le périphyton n’est que tres peu consdiau contraire des algues filamenteuses
et des bryophytes. Selon “l'optimal foraging théoly passage d’'un régime alimentaire
centré sur le zooplancton vers des proies benthige®t réduire le gain net énergétique
(Nunnet al, 2012), augmenter la compétition alimentaireoetdr les alevins a migrer vers
de nouveaux habitats ou de nouvelles ressource(Ri Resetarits, 2017).
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Le régime alimentaire des plus jeunes individusdten étre composé d'une part plus
importante de végétaux aquatiques (jusqu’'a 25-29% [a larve d'ablette, IC a 95%) qui
décroit avec le stade de développement. De plugtdportion de végétaux consommeés est
généralement moindre pour la station peu améndggeaésultat corroboré par I'étude des
niches isotopiques et par la spécialisation indigltt au sein des différents stades
ontogéniques permet d’identifier certaines inteoas trophiques. Forcées par le manque de
ressources planctoniques, les niches trophiquealdems et des juvéniles sont partiellement
superposées ce qui peut se traduire par I'assionlales mémes types de proies. Cependant,
du fait de leur mobilité accrue et de I'ouvertutespimportante de leur bouche, les juvéniles
sont plus a méme de capturer aisément les praeglus énergétiques (Nurat al, 2007b;
Bison et al, 2015). Les larves, moins compétitives que leséniles, sont alors
potentiellement contraintes de consommer des resseplus faiblement caloriques (comme
les végétaux aquatiques), ce qui peut impacteniéesse de croissance mais également leurs
chances de survie (Post & Parkinson, 2001). Néamsndbien que la raréfaction des
ressources puisse augmenter la mortalité au seiegopulation, ce phénomeéne est rarement
observé en milieu naturel car la compétition trgplei force généralement les individus a
partitionner leur régime alimentaire (Olsseinal, 2006; Bolnicket al, 2010; Aradjoet al,
2011). La régulation de la Meuse a induit une spigaition individuelle chez les alevins les
plus soumis a la compétition alimentaire, uniquensem le site navigable ou les ressources
sont potentiellement moins diversifiées et accéssibLes jeunes individus sur la station
faiblement aménagée ont plutét un régime génégatishtré sur les macroinvertébrés tandis
gue certains individus sur la station navigablecoasomment qu’'un type de proies bien
déterminé comme les chironomidae, les bryophytes, digues.... Cette spécialisation
alimentaire pourrait étre un moyen pour les indigides moins compétitifs de pallier le
manque de zooplancton et de réduire la concurrguoréant sur les macroinvertébrés
benthiques. La compétition alimentaire ne semhiéefois pas directement impacter la survie
des larves, mais pourrait avoir des conséquendagates. La faible croissance des individus
consommant les proies les moins énergétiques petalaaison estivale pourrait induire une
mortalité plus élevée pendant la période hivernake]arves de petite taille ayant un taux de
survie plus faible lors des épisodes froids (H&s€Conover, 1998). Néanmoins, a notre
connaissance, aucune étude n’a mis en évidenfle¢nte directe des activités anthropiques,
comme l'eutrophisation ou les aménagements de abeasi, sur la spécialisation alimentaire
individuelle. La diversité des interactions tropeg ainsi que leurs influences mutuelles
complexifient les études trophiques et limitentdéxeloppement de liens de causalité avec les
caractéristiques du milieu méme dans le cas d'é&esyes dotés d'un faible nombre
d’especes et peu impactés par les activites husm@iheangelistat al, 2014).

Les principaux résultats détaillés préecédemmenstiént la forte variabilité des régimes
alimentaires en fonction du stade ontogénique, 'e&péce, de I'habitat et également de
lindividu (Brose et al, 2006). Etudier les relations trophiques au seian dgrand
hydrosysteme est trop complexe pour incrimineratiin@ent ’homogénéisation de I'habitat
comme étant une limite au recrutement de certaspeces omnivores en cas de raréfaction
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des ressources planctoniques. Certaines donnéeact@mns auraient pu nous permettre
d’affiner cette étude et d’apporter de nouveauxnéléts de réponse a cette question. Par
exemple, la capture d’'un plus grand nombre d’akwe perche européenne en France ou
d’ablette commune en Belgique nous aurait permasaluer I'importance du recrutement de
différentes especes, aux régimes alimentaires ghwes et aux effectifs dissemblables, en
fonction des caractéristiques du cours d’eau. Enfire alternative aux étudessitu serait la
mise en place de vastes expériences en milieuaérniermettant d’élargir nos perspectives
d’études et de quantifier de maniére plus pré@seithanges de matieres entre les différents
compartiments. |l serait pertinent de comparer ieiere artificielle, le taux de survie, la
croissance, le régime alimentaire ainsi que la cditipn trophique des alevins en fonction de
la diversification de I'habitat et de I'abondancesdressources planctoniques. Toutefois,
recréer des mésocosmes complexes composés de umusigiveaux trophiques
(pythoplancton, zooplancton, macroinvertébré etsgmi) nécessiterait des infrastructures
extérieures colteuses et la difficulté de maintdes larves de poissons en milieu contrélé
réduirait, de maniere importante, les chances assre de pareille entreprise.

3. Conclusions

Ce ne sont ni les résultats obtenus, ni les méghetddistiques ou analytiques employées au
cours des chapitres précédents qui font l'origigatle ce travail mais bel et bien I'étude
conjointe des niches fonctionnelles théoriquesetenvées des communautés. La prise en
compte de ces descripteurs nous a permis d'appiéhemne série de tendances crédibles sur
un écosysteme particulierement complexe a étudidaitl des multiples pressions dont il fait
l'usage. L’analyse a long terme de la Meuse régakeles communautés de macroinvertébrés
benthiques et de poissons suivent les mémes teeslgoe dans la plupart des grands fleuves
anthropisés, favorisant les espéeces prolifiquesdé@uiment des taxons plus exigeants.
Cependant, 'origine de cette évolution sur la Mens serait pas attribuée au réchauffement
global comme explicité par la majorité des étudesces dernieres années (Hughes, 2000;
Daufresne & Boét, 2007; Daufresee al, 2007; Buissoret al, 2008; Flouryet al, 2013;
Piggottet al, 2015) mais serait en partie liée a des interastimphiques engendrées par des
taxons exogenes. Cette divergence pourrait étreadaejualité des données compulsées lors
de notre recherche, a I'histoire particuliére deufle ou a la prise en compte de certains
facteurs d'ordre biologique potentiellement confamid. L’identification des causes
influencant directement ou indirectement les comawoiigs constitue pourtant un enjeu majeur
pour les scientifiques et les gestionnaires descdigau dans l'identification des principaux
facteurs de perturbations. Il est donc particuliaet essentiel que la communauté
scientifique pérennise et partage les suivis éigleEs a long terme et propose de nouvelles
approches statistiques multifactorielles, permettenmieux identifier les relations causales
qui sont en jeu au sein de I'écosysteme.

L’'approche fonctionnelle des assemblages de maadibrés et de poissons a permis de
mesurer l'influence de la qualité physique de litatbet, plus précisément, de la régulation
des cours d'eau sur la structure et la résiliene® ebmmunautés. La chenalisation de la
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Meuse semble appliquer un filtre sur certains drdiiologiques ou écologiques limitant
diverses stratégies fonctionnelles. Contrairemea deuse francaise, la diminution des
apports en matieres azotées et phosphorées nlaépasicié aux espéces plus exigeantes en
Meuse belge manifestement du fait de I'absencebitéta suffisamment sains ou diversifiés.
Néanmoins, en dépit des données mises a contribatiales multiples inventaires réalisés,
nous n'avons pu identifier I'influence de 'aménagmt de I'habitat dans le fonctionnement
trophiqgue des communautés dulcicoles. Deux raismjsures semblent étre a l'origine de ce
constat. La premiere résulte de I'analyse isotopides matieres carbonées consommeées par
les communautés. En cas de faible abondance deuress planctoniques, les principaux
apports carbonés proviennent majoritairement ded{gétation riveraine et de la végétation
aguatique (algues et bryophytes) indépendammentivckau de rectification de la Meuse.
Contrairement a la théorie du « River Continuum ¢&ph» (Vannoteet al, 1980), le
periphyton n’est pas ou peu consomme, aussi bies ldazone dite « a barbeau » que dans la
zone « a breme » de la Meuse. Cette théorie appoms trop simpliste pour les fleuves
soumis a de multiples pressions et tend a étre leed par des concepts plus complexes
incluant la variabilité temporelle des caractégistis d’habitats notamment induite par des
changements de débits (Thorp & Bowes, 2017) comenex River habitat Templet »
(Townsend & Hildrew, 1994) et ses adaptations (Rmee Productivity Model; Thorp &
Delong, 2002). La seconde provient de notre étutlda compétition trophique des alevins
de la Meuse belge et frangaise. En absence dearaph, les alevins des deux biefs étudiés
ont un régime alimentaire relativement identique endividus plus agés induisant ainsi une
spécialisation alimentaire plus marquée au nivealadstation belge, avec une partie de la
population consommant des aliments peu énergétigliestefois, cette concurrence ne
semble pas impacter la survie des alevins pendargaison estivale mais pourrait, en
revanche, augmenter la mortalité des jeunes ingsvide plus faible taille au cours de la
période hivernale, réduisant ainsi le recrutemestatiultes.

Si certaines de nos hypothéses sont restées samses nous avons pu tout de méme mettre
en avant le rble essentiel de I'habitat dans Ientieai de la biodiversité et de la dynamique du
systeme. La gestion hydraulique francaise de lad@lepeu intrusive, a permis a certaines
especes de profiter de I'amélioration de la quabitgsico-chimique de la riviere mais a
€galement maintenu une communauté ichtyologiquenddode malgré la décroissance du
plancton. La chenalisation des rivieres et 'honmaggation des habitats ont eu un effet
particulierement délétére sur le fonctionnement deymunautés et sur la résilience du
systeme (Scheffer & Carpenter, 2003) qui ne peid@tigurenforcé par les différentes activités
humaines et les changements globaux (Travis, 2@8onstat plaide pour la mise en place
de mesures de renaturation de cours d'eau qui peameat a la faune de réintégrer un
biotope leur offrant toutes les caractéristiquesensaires a leur développement, tout en
maintenant les activités humaines, et répondraiecgrtains enjeux communautaires définis
par la DCE.
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Annexes

Appendix 1: Biological and ecological traits anckithcategories describing the biological
adaptations and ecological preferences of bentlicromvertebrates based on Tachet et al.
(2010). Codes of categories and groups were uskdels in App. 4. A GAM trend tests was
applied on each trait-categories (* P < 0.05, % P.01, *** P < 0.001).

Trait Trait categories Code Group Trend R? adj
Inf 0.25 1 4 - 0
Between 0.25-0.5 2 6 2 0.16*
Between 0.5-1 3 6 - 0
Maximal potential size (cm) Between 1-2 4 1 - 0.08
Between 2-4 5 3 - 0.05
Between 4-8 6 2 N 0.25%
Sup 8 7 2 N 0.24*
<1 year 8 6 - 0.21%
Life cycle duration 1 year 9 1 - 0.12
> 1 year 10 1 - 0.16*
) <1 11 5 - 0
Potential number of cycles per ygagL year 12 5 ) 0
egg 13 5 - 0
. larva 14 2 - 0.07
Aquatic stages nymph 15 3 ) 0.03
adult 16 5 - 0
ovoviviparity 17 6 - 0
isolated eggs free 18 4 - 0
isolated eggs cemented 19 1 - 0
Reproduction clutches cemented or fixed 20 6 - 0.06
clutches free 21 1 N 0.24*
clutches in vegetation 22 2 - 0
clutches terrestrial 23 4 - 0.003
asexual reproduction 24 2 - 0.03
aguatic passive 25 2 - 0
aquatic active 26 3 N 0.18*
Dispersal aerial passive 27 5 - 0
aerial active 28 5 - 0
eggs statoblasts 29 4 - 0.009
cocoons 30 1 Ny 0.15*
Resistance forms hpusings against desiccation 31 4 2 0.16*
diapause or dormancy 32 5 - 0
none 33 3 - 0
tegument 34 1 - 0.09
gill 35 5 - 0
Respiration plastron 36 4 - 0
spiracle 37 5 - 0
hydrostatic vesicle 38 4 - 0.06
flier 39 4 - 0
surface swimmer 40 5 - 0
full water swimmer 41 5 - 0
Locomotion and substrate relatit%:)rrlua:\pgsvrer fé i ?)
interstitial 44 1 Y 0.25*
temporarily attached 45 3 - 0.09
permanently attached 46 3 - 0
microorganisms 47 4 N 0.18*
detritus 48 4 - 0
dead plant 49 3 - 0
living microphytes 50 5 - 0
Food living macrophytes 51 6 2 0.50%**
dead animal 52 2 N 0.16%
living microinvertebrates 53 3 N 0.16*
living macroinvertebrates 54 1 N 0.19%
vertebrates 55 4 - 0
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Trait

Trait categories

Code GroupTrend R? adj

Feeding habits

Transversal
distribution

Longitudinal
distribution

Altitude

Substrate
(preferendum)

Current velocity
(preferendum)

Trophic status
(preferendum)

Salinity (preferendunﬁ

Temperature

Saprobity

pH (preferendum)

absorber 56 4 - 0
deposit feeder 57 2 N 046
shredder 58 5 - 0
scraper 59 6 » 0.18*
filter feeder 60 3 - 0
piercer 61 5 - 0
predator 62 1 N 0.42%
parasite 63 4 - 0
river channel 64 5 - 0
banks connected side arms 65 5 - 0
ponds pools disconnected ¢
arms 66 2 - 0
marshes peat bogs 67 4 - 0
temporary waters 68 4 N 0177
lakes 69 2 N 0.a6*
groundwaters 70 4 - 0.02
crenon 71 2 N 0.21%
epirithron 72 2 N 027+
metarithron 73 2 N 0.16*
hyporithron 74 2 N  0.16*
epipotamon 75 5 2~ 019
metapotamon 76 5 - 0.03
estuary 77 5 - 0
outside river system 78 5 - 0
lowlands 79 5 2~ 014
piedmont level 80 2 - 0
alpine level 81 4 - 0.05
flags boulders cobbles pebbles 82 3 - 0
gravel 83 4 - 0
sand 84 5 - 0
silt 85 4 - 0
macrophytes 86 4 - 0
microphytes 87 4 - 0
twigs roots 88 3 Ny 0.310
organic detritus litter 89 2 - 0
mud 90 4 - 0
null 91 5 - 0
slow 92 5 - 0
medium 93 2 - 0
fast 94 2 - 0
oligotrophic 95 1 - 0
mesotrophic 96 4 - 0.06
eutrophic 97 6 - 0.03
eshwater 98 1 - 0.02
rackish water 99 6 » 0.16*
cold (< 15C) 100 2 N 0.61%*
warm (> 15C) 101 5 » 012
eurythermic 102 5 - 0.05
xenosaprobic 103 2 - 0.03
oligosaprobic 104 3 v 0.21%
B mesosaprobic 105 4 - 0
a mesosaprobic 106 5 - 0.03
polysaprobic 107 5 - 0.04
<4 108 2 N 0.63%*
Between 4-4.5 109 2 N 051
Between 4.5-5 110 2 N 0.46%*
Between 5-5.5 111 1 N 037
Between 5.5-6 112 2 N 0.3
> 6 113 6 2 0.53**
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Appendix 2: Biological and ecological traits anckithcategories describing fish biological
adaptations and ecological preferences based omciBland colleagues (2007). Codes of
categories and groups were used as labels in ABp&AM trend tests was applied on each
trait-categories (* P < 0.05, ** P < 0.01, *** PG<001).

Trait Trait categories Code Group Trend R2adj
<10 1 3 2 0.10*
adult body lengtl >10-20 2 3 - 0.03
(cm) >20-40 3 1 N 0.36**
> 40 4 2 - 0
phytophilic 5 1 - 0
reproduction lithophilic 6 3 - 0
habitat phyto-lithophilic 7 2 - 0
psammophilic 8 2 - 0.04
relative fecundity <57 9 2 - 0.06
(number of >57-200 10 2 - 0
oocytes / g) > 200 11 2 - 0.01
number of <1 12 1 v 0.62%**
spawning events /
P yegr >1 13 3 2 0.62***
. <1.35 14 2 - 0
egg diameter >1.35-2 15 2 - 0
(mm) >2 16 2 - 0
1 17 2 2 0.1
age at first 2 18 3 i 0
mat%rity (year) 3 19 L v 0.38™
4 20 2 - 0
5 21 2 - 0
no protection 22 2 - 0.08
protection with nesters 23 2 - 0.07
parental care . .
no protection with 24
nesters 2 - 0
. . benthivorous 25 2 - 0.07
feeding habitat water column 26 2 - 0.07
invertebrate feeders 27 3 2 0.41%**
. . piscivorous 28 2 - 0.07
feeding diet omnivorous 29 1 N 0.47*+*
carnivorous 30 2 - 0
rheophilic 31 3 - 0
rheophily habitat limnotopic 32 1 - 0
eurytopic 33 2 - 0
pelagic 34 2 - 0.09
habitat preference  benthopelagic 35 2 - 0
demersal 36 2 - 0
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Appendix 3: Statistical methodology schematic sumyma
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Appendix 4: Results of the co-inertia analysis rhaig the information on macroinvertebrate
trait category frequencies and physico-chemicaltadtaristics of the river Meuse over the
1998-2010 period. Data were previously centeredsiby” to reduce the effect of river
typology. “Between-years” PCA (bPCA) was prelimihaapplied to each data array. Each
year is located on the first factorial plane acowgydto the mean physico-chemical and
macroinvertebrate assemblage trait characterisfisites at the selected sampling date. The
six macroinvertebrate groups (fi1to TGy ) were defined by hierarchical cluster analysis
(Ward algorithm) on the Euclidean distance mataicalated according to their F1 and F2
scores in Col. Each trait category was included group gathering trait categories following
the same trend pattern over the study period. dtatibn of each group of trait category is at
the weighted average of the locations of individwalt categories belonging to this group.
Each trait category is linked to the mean locatéithe corresponding group by a line. The
full labels of invertebrate trait categories (code$13) are in Appendix 1. See the text for
further details.

F2wmi

2011

2003

2005

1 _~ Fimi

2002

205



Appendix 5: Results of the co-inertia analysis gtahiag the information on fish-trait
category frequencies and physico-chemical chaiatitsr of the river Meuse over the 1985-
2010 period. Data were previously centred “by-site reduce the effect of river
typology.“Between-years” PCA (bPCA) was prelimityarapplied to each data array. Each
year is located on the first factorial plane acoaydo the mean physico-chemical and fish
assemblage trait characteristics of sites at thextgel sampling date. The three fish groups
(T1q to T3) were defined by hierarchical cluster analysis (@\&gorithm) on the Euclidean
distance matrix calculated according to their Fd B scores in Col. Each trait category was
included in a group gathering trait categoriesoi@ihg the same trend pattern over the study
period. The location of each group of trait catggerat the weighted average of the locations
of individual trait categories belonging to thisgp. Each trait category is linked to the mean
location of the corresponding group by a line. Tuiklabels of fish trait categories (codes 1-
36) are in Appendix 2.See the text for further deta

/ 2006

1 200;O

2010 2005 Chla F].FI
0

A\N 2002 1991 1990

2000 1996

1985

Appendix 6: Macro-invertebrate data of the FrenoreRMeuse from 1998 to 2011 at Sassey
sur Meuse

Appendix 6may be found online alittp://onlinelibrary.wiley.com/doi/10.1002/eap.162dl

Appendix 7: Fish data of the French River Meusenfii®85 to 2010 at Han sur Meuse (S1),
Sassey sur Meuse (S2) and Ham sur Meuse (S3)

Appendix 7may be found online alittp://onlinelibrary.wiley.com/doi/10.1002/eap.16&dl
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Appendix 8: Results of the co-inertia analysis rhadg the information on macroinvertebrate
abundances and physico-chemical characteristicshefriver Meuse over the 1998-2010
period (RV : 0,66). Data were previously centeréy-Site” to reduce the effect of river

typology. “Between-years” PCA (bPCA) was prelimihamapplied to each data array. The
five macroinvertebrate groups were defined by haviaal cluster analysis (Ward algorithm)
on the Euclidean distance matrix calculated acogrtlh their F1 and F2 scores in Col. (F1 :
77,2% and F2 : 16,5%).

2005
2000
Corbiculidae
Hydr@buda )
[+
Chia Tabanidae T /
ambaridae Platycnemidid:
- 2 /
Or?nmd" PO43 009 ! Leptoceridae
1 {1999 Q Lymnaeidae Fl
Ecnomidae H4+ 20
Elmidae Mysidae
arkediion Chironomidae Unionidae
E ellida Athericidae
ative.gammaridae
Eph d
SM “1998 02 5 2010
Glossiph = Bithyniidae
2004 NO3- pobdelli 2008
007
2001
Potamanthidae
Oligocheta
2002

Appendix 9: Results of the MK-trend tests applied the abundances of five
macroinvertebrate groups in the Meuse River over 1998-2010 period. Independent
contributions of physical and chemical parametersvariations in the abundances of
macroinvertebrate group value variations over thdysperiod are provided. (*P < 0.05, ** P
<0.01, ** P < 0.001).

MK trend test Hierarchical variation partitioning MK trend test Hierarchical variation partitioning MK trend test Hierarchical variation partitioning

Trend Pt Variable I Pi R? P Trend Pt Variable I Pi R? P Trend Pt Variable I Pi R? P
Chla 26.7 0.024 54.1 <0.001 Chla 103 0394 7.3 0523 Chla 7.1 0444 163 0.11
NH,~ 23 0.778 39 0.653 NH,~ 103 0361 95 0.399 NH,~ 14.8 0.124 82 0425
NO;- 29 0.713 2.7 0.689 NO;- 31.6 0.002 45 <0.001 NO;- 81 0514 19.1 0.178
Group - 0.002 PO 10.8 0308 3.3 0.647 |Group 0228 POS- 32 0719 15 0.711 |Group 0913 POS2- 35 0.704 04 0.763
1 0, 25 073 59 0564 2 0, 45 0648 112 04 3 0, 32.3 <0.001 43.5 <0.001
Q 39 0698 89 0499 Q 103 038 0.1 0.781 Q 3.2 0.709 9.1 0462
T 13 0.181 20.3 0.085 T 26 0729 0 0.797 T 19 0754 29 0.667
SM 158 0.114 38.1 0.001 SM  16.8 0.054 23.7 0.028 SM 65 0588 54 0.61
Chla 32 0.002 58.5 <0.001 Chla 21.3 0.075 38.6 <0.001
NH,~ 65 0531 153 0.193 NH,~ 53 0.607 139 0.293
NO;- 3.7 0674 04 0.771 NO;- 44 0643 14 0691
Group A <0.001 PO3 41 0608 2.7 0674 |Group 2 0.001 PO, 115 0331 141 0.228
4 0, 0.6 0746 13 0.703 5 0, 05 0825 0.1 0.785
Q 26 0757 5 0.63 Q 27 0736 0 03822
T 49 0643 9.6 0469 T 42 068 35 0673
SM 359 <0.001 67.2 <0.001 SM  46.8 <0.001 73.6 <0.001
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Appendix 10: Results of the co-inertia analysisahetg the information on fish abundances
and physico-chemical characteristics of the rivezusk over the 1985-2010 period (RV :
0,30). Data were previously centered “by-site” tduce the effect of river typology.

“Between-years” PCA (bPCA) was preliminarily applieo each data array. The two fish
were defined by hierarchical cluster analysis (Walgorithm) on the Euclidean distance
matrix calculated according to their F1 and F2 esan Col. (F1 : 83,0% and F2 : 14,1%).
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Appendix 11: Results of the MK-trend tests appliedhe abundances of two fish groups in
the Meuse River over the 1985-2010 period. Independaontributions of physical and

chemical parameters to variations in the abundaotésh group value variations over the
study period are provided. (*P < 0.05, * P < 0.8%,P < 0.001).

MK trend test Hierarchical variation partitioning MKtrendtest  Hierarchical variation partitioning

Trend Pt Variable | Pi R? P Trend Pt Variable | Pi R? P
Chla 15 0.685 0.1 0.761 Chla  26.6 <0.001 44.8 <0.001

NH,* 7 0281 56 0414 NH,~ 8.5 0.215 119 0.083

NO, 0.8 0.744 0.1 0.777 NO; 3.2 0561 8.1 0.24

Group 1 0.944 PO, 124 0.038 154 0.017 Group 2 A <0.001 PO, 25 0643 5.2 0.47
0, 18.4 <0.001 36.1 <0.001 0, 45 0459 0.7 0.659

Q 84 0288 20 0.008 Q 1.3 0702 06 0.724
T 18.6 0.002 11.6 0.074 T 20.3 0.007 43.2 <0.001

SM 0.5 0778 0 0.789 SM 0.8 0.737 0.7 0.725
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Appendix 12: Mears™*C (%0) and3'°N (%.) values, sample number and estimated standard
ellipse area (SEA of consumers and potential sources sampled iMihigse River at Ham-
sur-Meuse between 2013 and 2014. (DOM: detritahmig matter, FPOM: fine particulate
organic matter (0.6 - 30 um), CPOM: coarse pawieulorganic matter (30 - 100 pm),
Macroinvertebrate IR: herbivorous benthic macroitelerates, Macroinvertebrate IIR:
predator benthic macroinvertebrates, YOY fish: ypwoif the year fish sampled in the whole

community).
Ham sur Meuse Waulsort
Bc+sSD 8N =SD N SEAc |8”C=SD &°N=SD N SEAc

Common bleak 29.90+0.8  11.2+04 129 1.9 288+04 11.6+0.2 9 1.3
Chub Larvae -28.5+1.1 11.1£0.7 167 28 285+10 10.8+0.8 163 28
Roach 287407  11.3+08 185 25 28.7+0.8 10.8%0.6 176 2.4
Common bleak =294 £0.4 11.8+0.3 46 1.4 0

Chub . 27.1+ 14 11.4£0.8 125 2.4 27309 11.1£0.6 104 2.9
Roach Jovenlle 27410  123%04 84 22 28.0+07 10.8+0.7 54 1.9
European perch =279 £0.6 11.9+0.2 5 0.7 -27.8+0.7 11.7+0.7 54 1.5
Common bleak -28.2+0.6 11.9+ 0.6 30 2.7 0

Chub aqp 2AE0T 11909 67 1.7 263+0.7 11.7+0.9 9 22
Roach -28.3 £0.9 12+ 0.7 65 1.8 27.7+1.1 11.5%+0.6 88 2.1
European perch -27.87 £ 0.4 13.1£ 0.4 3 1.5 -27.5+08 12.3£0.6 38 1.5
Algae -26.6 £ 1.5 49+0.3 12 -26.9 £ 1.1 55+0.5 13

Bryophyte -36.2£2.0 7.5+£04 5 -32.7+£0.7 7.1£ 0.7

Hydrophyte -24.9 £0.7 6.8+0.4 9 248 1.1 7.4+0.2 7

DOM 291 £0.4 1.6+0.5 17 209+04 1.5+06 13

Periphyton -187+04  52%0.2 32 -185+0.5 3.9%02 28

FPOM -11.6+0.2 5.6+0.1 32 -105+0.1 4.6+0.1 82

CPOM 22.7+04 57+£02 25 242+05 54%0.1 14

Bank vegetation -29.6 £0.6 6.7£0.5 11 -292+0.3 3.8%0.5 5
Macroinvertebrates IR -30.5+1.9 7.3+£0.9 54 =299+ 1.6 7.1+£0.6 55
Macroinvertebrates [IR ~ -29.5+ 1.4 8.5+x09 80 -289+1.8 8.2%0.7 53

YOY fish -30.2 1.0 11.9+ 0.6 51 -29.8+13 109=x1.1 29
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Appendix 13:8"C (%0) andd™N (%) values of the 4 fish studied species samjiethe
Meuse River at Ham-sur-Meuse between 2013 and 28%mbols represent individual
isotopic values for of each fish species, groupgatogenic stage (color). Mean value and
standard deviations of potential food sources apgesented by black dashed lines (DOM:
detrital organic matter, FPOM: fine particulategamic matter, CPOM: coarse particulate
organic matter). For consumers, the trophic enr@hinfactor was added to the mearN.
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Appendix 14:3™%C (%o) andd™N (%) values of the 4 fish species sampled in treusé River

at Waulsort between 2013 and 2014. Symbols repreasgimidual isotopic isotopic values for
of each fish species, grouped by ontogenic staglerfc Mean value and standard deviations
of potential food sources are represented by biasked lines (DOM: detrital organic matter,
FPOM: fine particulate organic matter, CPOM: ceaparticulate organic matter). For
consumers, the trophic enrichment factor was atiniéte meas™>N.
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Appendix 15: Representation of the isotopic nictmslt usingd'*C ands™N values, for 4

fish species, grouped by ontogenic stages (colmliected in the Ham-sur-Meuse and
Waulsort sites of the Meuse River between 2013 20#. The corrected standard ellipse
area (SEAR) comprises 40% of the sample of each group ($iok).
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