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RESUME EN FRANCAIS

Les écosystémes aquatiques sont soumis a de multiples pressions anthropiques telles que
OTRFFXSDWLRQ GX VRO OHV PRGLELIEDapos@VnikhidedtR &R SKROR J
PDWLQUHV RUJDQLTXHV HW OD SROOXWLRQ FKLPLTXKHMPpPWXGt
UpSRQVHV GHV FRPPXQDXWpV SUHQG DXMRXUGYKXL SHX HQ FR
chimique a grande échelle et encore moins la fraction de la contamination biodisponible et

WR[LTXH /D ELRVXUYHLOODQFH DFWLYH EDVpH VXU OMHQFDJHI
PLOLHX DTXDWLTXH D UpFHPPHQW SHUPLV GQhWLEGRHELR®LEB R
et la toxicité sur de nombreux sites répartis au niveau national. Ces nouveaux jeux de données

QRXV RQW RIIHUW OYRSSRUWXQLWpP GITRMNMWLGHO @ DI ¥HRWQWLIDRRQ. Q-
chimique toxique dans les relations connues entre pressions et impacts écologiques. Ce travail

GH WKgVH VIHVW GRQF IRFDOL®P ¥RQVIWDMNUIWLRBEMHPYOLAD GUH |
TXDQWLILHU OYHIIHW GHV SUHVVLRQV VXU OD FROQWIXMHLEWWLRQ
OfpYDOXDWLRQ GH OfLPSDFW GH OD iR [strésséMrp/étiiKdeR LT XH VX
FRPPXQDXWpV FRQQXHV HW HQILQ OfYLGHQWLILFDWLR@®WHY DV
des modalités de traits biologiques des communautés dans un contexte multi-pressions. Par

modélisation par équations structurelles, nous avons pu déterminer les pressions dominantes

sur la contamination biodisponible au niveau national. La contamination biodisponible
PpWDOOLTXH DXJPHQWH DYHF OTRFFXSDWLR @sE&dasRt@ionr®dD GHQVL
GTpS XU WWhrés§ons sur le fonctionnement hydromorphologique et les facteurs de
ELRGLVSRQLELOLWp RUGUH GpFURLVVDQW HW SHOOGIYBLPHYXH
pressions dominantes sur les hydrocarbures aromatiques polycycliques (HAPs) ont été des

sources et des vecteurs de contamination essentiellement ponctuels, contrairement aux
polychlorobiphényles (PCBs) avec des sources diffuses dominantes. Par des analyses

bivariées et multivariées, nous avons évalué que la toxicité chimique a eu un réle aggravant

sur certaines relations état écologique/stresseurs (nutriments et matiéres organiques et,
hydromorphologie). Par une analyse de co-inertie, nous avons identifié les associations des

stresseurs, incluant la toxicité chimique, avec les traits biologiques de communautés. Les
VWUHVVHXUV pWDLHQW DVVRFLpV j GHV PRGDOLW p\L SHJ) WD LW
JLQDOHPHQW OYHQVHPEOH GH FHV M tohesGhbe®R @eppideviteaH W GH FH
XQ FDGUH Ggiessobspadts prenant en compte la biosurveillance active, utile pour

la compréhension des pressions dominantes HW SHUPHWWDQW GYRULHQWHU OD
mesures de gestion des écosystemes aquatiques.

Mots-clés : Biosurveillance active; Contamination chimique biodisponiEOH (FRV\V@AgPHV G

douce; Multiples pressions; Toxicité chimique.
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RESUME EN ANGLAIS

Aquatic ecosystems are subject to multiple anthropogenic pressures mainly land use,
hydromorphological modifications, enrichments in nutrients and organic matter and, chemical
pollution. Nowadays, studying the links between pressures and the responses of communities
takes rarely into account the effect of chemical contamination at large scale and also the
fraction of bioavailable contamination and toxicity. Active biomonitoring, based on caging of
control organisms in aquatic environments, has recently enabled the evaluation and the
guantification of bioavailable contamination and toxicity in numerous sites distributed
nationally. These new datasets offered us the opportunity to evaluate the role and the effect of
chemical toxic contamination on the known relationships between pressures and ecological
impacts. The thesis work focused on four objectives: the construction of a conceptual
framework to quantify the effect of pressures on bioavailable contamination for metals and
organic pollutants and, the evaluation of the impact of chemical toxicity on the known
relationships between stressors and the ecological status and finally, the identification of
associations between chemical toxicity and the modalities of biological traits of communities in
a multi-pressure context. With structural equation modeling, we determined the dominant
pressures on bioavailable contamination at the national scale. Metallic bioavailable
contamination increased with land use, industry density, wastewater treatment plant density,
pressures on the stream hydromorphological functioning and bioavailability factors
(descending order) and, it decreased with the increase of riverside vegetation. The dominant
pressures on polycyclic aromatic hydrocarbons (PAHs) are mainly punctual sources and
vectors of contamination, unlike polychlorinated biphenyls (PCBs) with dominant diffuse
sources. With bivariate and multivariate analyses, we evaluated that chemical toxicity had an
aggravating role on certain relationships between the ecological status and stressors (nutrients
and organic matter and, hydromorphology). With a co-inertia analysis, we identified the
associations of stressors, including chemical toxicity, with biological traits of communities. The
stressors were associated to modalities of resistance like ovoviviparity. Finally, all the datasets
and these approaches enabled a presentation of a pressure-impact framework with active
biomonitoring, that is useful for understanding the dominant pressures in order to propose

management of aquatic ecosystems.

Keywords: Active biomonitoring; Bioavailable chemical contamination; Chemical toxicity;

Freshwater ecosystems; Multiple pressures.
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Les sociétés modernes sont D X M R X tré€3 predcupées par la qualité des

eaux douces et les pressions anthropiques auxquelles elles sont soumises, constituant
un danger pour la santé humaine et celle des écosystemes. Les milieux aquatiques
sont exposés a des mélanges complexes de contaminants (métaux, polluants
organiques persistants, polluants émergents, etc.) issus de pollutions ponctuelles
GLUHFWHPHQW UHMHWPVY GDQV OHV FRXUV GYfHDX GHSXL
diffuses (diffusés par des vecteurs de transfert). Tel que les plus persistants seront
piégés et stockés antérieurement dans les sédiments et, relargués a tout moment dans
les écosystemes aquatiques (Holt 2000). Lier la contamination a sa source est donc
important pour comprendre les cascades qui ménent a cette contamination (EEA and
Whalley 2018).

Pour une gestion et protection efficace des milieux aquatiques en Europe, la
GLUHFWLYH FDGUH VXU OfHDX '&( H[LJHaXshivhKiuesL GH OL
prioritaires, OfpYDOXDWLRQ GH OTpWDW péespesidhsigidedy®it OTLGHQ
OYLPSDFWHU QpJDWLYHPHQW (XURSHDQ &RPPLVVLRQ

Le réseau de surveillance national des eaux de surface en France réalise des
VXLYLV GH OD FRQWDPLQDWLRQ FKLPLTXH j OHLMGH GH |
PDWULFHV FR PePsddifdhtdD plus @cemment des capteurs passifs. Si ces
approches permettent de qualifier le niveau de contamination de ces matrices, en
revanche, elles ne renseignent pas la fraction des contaminants dite biodisponible,

F 9 FBMdine accumulée par les organismes et donc potentiellement toxique. Dans ce

contexte, la DCE a plus récemment incité les états membres a développer leur suivi

dans le biote, en définissant des normes de qualité environnementales pour les

poissons et les invertébrés, ainsi protégean W PLHX[ OHV FRQVRPPDWHXUV GF
GX ULVTXH GITHPSRLVRQQHPHQW 6L OD BEXAR\OXYWHLOO D QVHHF
organismes du milieu, répond a cette exigence de la DCE, en revanche, elle rend

difficile leur interprétation en terme de pression chimique recue pour des stations
GpFRQQHFWpHVY VSDWLDOHPHQW HW SDU FRQVpPTXHQW O
chimique des milieux aquatiques a grande échelle.

La biosurveillance active, basée sur la transplantation (encagement)
GTRUJDQLYVP H \ieGdE Yrapadse® comme approche alternative (Besse et al.

2012). Elle permet de mesurer la contamination chimique biodisponible et la toxicité
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FKLPLTXH j OfDLGH GH VRQGHV ELRORJLTXHXWDHOLWDpBOH
genre, etc.) comme le gammare et ainsi de comparer les mesures entre les sites et &

différents temps (Ciliberti et al. 2017, Coulaud et al. 2011). Il existe actuellement des
jeux de données a large échelle, issus de la biosurveillance active par encagement de

gammares, pour la contamination biodisponible en métaux, HAPs et PCBs mais

également des mesures de toxicité chimique létale (taux de mortalité) et sublétale
LQKLELWLRQ GH OYDOLPHQWDWLRQ

/IfpYDOXDWLRQ GH OD SROOXWLRQ FKLPLTXLWWWIH VR

accompDJQpH GH OLGHQWLILFDWLRQ HW GH OD TXDQWLILFD
DJLU FRQMRLQWHPHQW VXU OHV FRPPXQDXWpV GTHDX GRX!
VRQW GpMj) LGHQWLILpHY HW OHXU LPSDFW VXBXSDWLRQRJ
du sol est bien cartographiée par Corine Land Cover +R FLAR DQG 7RPDV]HZVND
HW SOXV VSpFLILTXHPHQW HQ )UDQFH OHV ULVTXHV GIDOV
HVWLPpV SDU OH V\VW qP HCEXY@eROeOAI VA1 D) <Enfink les apports

HQ QXWULPHQWY GDQV OfTHDX VR Q We R iadqe\haioXdl Y DQW O
1DWDGHV HW OHV GRQQpHV VRQW GLVSRQLEQé¢ssiongfpWXGH
QRWDPPHQW OYRFFXSDWLRQ GX VRO OHV DOWpPpUDWLRQV
physico-FKLPLTXH HW OHXUV LPDGu/ Y fUVXW OTJRWE BMWWp RO SO
études (Dahm et al. 2013, Gieswein et al. 2017, Villeneuve et al. 2018), visant a
TXDQWLILHU FHVY OLHQV HW j GpWHUPLQHU ®TD/S SUIRIFMKH G R
OfpWDW pFRORJLTXH HVW UHSUpVHQWp SDU GHV RXWLOV VI
multi-métrique (12M2 ORQG\ HW DO VRLW SDU OfpYDOXDWLRC(
par les traits biologiques (Dolédec and Statzner 2008, Statzner and Béche 2010,
Usseglio-Polatera et al. 2001) relatifs aux communautés de macroinvertébrés

benthiques.

'DQV OH FRQWH[WH GH FRXU\pre34jong) KclWari{aPdoNutipnP X O W L

chimique, et afin de mieux définir OHV V W U DMépabemantsdpiidlibles, les outils

HW OHV SULQFLSHV LVVXV GH OYpFRWR[LFRORJLH JDJQHU
OYpFRORJLH /D SROOXWLRQ FKLPLTXH SR WHXQOHRHHO@W FaHQ/
VRXUFHV GTpPLVVLRQ SR QdeVersdeOsOrkine frus gtahde XINfaty),

historiques et contemporaines, mais aussi des trajectoires de transfert a travers les

sols, les roches perméables HW OHV FRXUV GY{HDXairngir and WH XUV
Niederlehner (1996), proposent de développer une écotoxicologie du paysage. Le fait

gue la contamination chimique et/ou la toxicité chimique commencent a étre intégrées
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GDQV FH W\SH G1DS S UiRpabt$(BirlSed &l \2012RSghmidt et al. 2019),
releve de ce champ de questionnement. Une limite de ces approches est bien de
pouvoir mieux disingXHU OD FRQWDPLQDWLRQ FKLPLTXH GTXQ PL
présence de la contamination par un tres grand nombre de molécules. Disposer de
mesures de la biodisponibilité doit constituer un DWRXW SRXU PLHX[ LQWpJUHU
la contamination chimique dans les approches pressions-impacts a grande échelle et
ainsi gagner en compréhension des effets des pressions, pour étre & méme de mieux
OHV JpUHU /H GpYHORSSHPHQW GH FH W\SH E®OMH PSHEFFKH
OYDFFHVVLELOLWp GHV @GR &atvE, \desSptestiaiR ¥ntHdogitueOet
aussi des évaluations des réponses des communautés de macroinvertébrés

benthiques.
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1. Evaluation de la pression chimique
1.1. Présentation de la pression chimique
/I fTHDX GRXFH UHSUpVHQWH G 18%Q§ 4 BuxfaGXleRaR QG H HV

terre (Stendera et al. 2012) mais cette petite fraction inclut au moins 100 000 des 1,8

millions especes décrites soit 6% des especes existantes (Dudgeon et al. 2006). De

nos jours, les activités anthropiques génerent de plus en plus de pollution chimique
VIQWKpWLTXH VXVFHSWLEOH GIDIIHFW HK.UCe@eHpressishP P X QD X\
FKLPLTXH SUpRFFXSDQWH HVW FRQVWLWXpH GIXKIRHAYDQJH
(polluants métalliques, polluants organiques persistants, polluants émergents, etc.)
potentiellement toxiques (Brooks et al. 2020, Evans et al. 2019). Elle est soit

représentée par la contamination chimique (mesure du contaminant), soit par la
PHVXUH GH OD WR[LFLWp FKLPLTXH HIIHW GEVVWVXEYV MDD F I
FRQWUH OD '&( HQ (XURSH H[LJH XQLTXHPHQW ®D VXUY
contaminants chimiques dits prioritaires (European Commission 2000). Des réseaux

de surveillance de la contamination chimique dans les eaux de surface existent a cet

effet.

1.2. Surveillance de la contamination chimique

Plus concrétement, pour surveiller la pression chimique dans les écosystemes
aquatiques, une surveillance de la contamination chimique et de la toxicité chimique
sont requises. La contamination chimique peut étre mesurée dans divers matrices

FRPPH OfHDX OH VpGLPHQW HW O HedrsqasSiwiHeswaent B VV LIV

contaminants sur une période de temps plus longue que les mesures ponctuelles dans
OYHDX HW OH VpGLPHQW 1pDQPRLQV WRXWHV FHV PHVXUF
Notamment, elles ne tiennent pas compte de la fraction biodisponible et
bioaccumulable du contaminant potentiellement toxique (Ciliberti et al. 2017). Et les
PHVXUHY SRQFWXHOOHY GDQV OfHDX SRXU FHUWRXIMQULOFRQ\
limite de quantification retenue en réseau.

Pour mesurer la fraction biodisponible, il a alors été nécessaire de développer
des approches qui prennent en compte des mesures de contaminants dosés dans les
organismes en parallele des analyses chimiques dans le milieu (Santana et al. 2018).
La prise en considération du biote pour pYDOXHU OD FRQWDPLQDWLRQ FKLI
est connue et pratiquée depuis les années 1970 (Besse et al. 2013). Il est donc

important que la mesure de contaminants dans le biote soit prise en compte dans les
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PYDOXDWLRQV GTpWDW GH Oed cohtami@eRts\opiRé&Hib@cduntikX U O
(Besse et al. 2012). La mesure de la contamination chimique par biosurveillance
passive se base sur la quantification des contaminants dans des organismes présents

dans le milieu. La biosurveillance passive en milieu marin existe également avec le
programme the Mussel Watch aux Etat-Unis G 1 $ P p Udt @XRraince avec le ROCCH
(Réseau d'Observation de la Contamination CHimique du littoral). Cependant, le suivi

de la contamination via la biosurveillance passive ne permet pas toujours des
comparaisons entre sites différents géographiguement notamment lorsque les
organismes utilisés sont spécifiques a certains milieux. Il existe également des
facteurs de variabilté¢ FRPPH OH WHPSV GTH[SRVLWLRQ OfkJH HW OlI
et compliquent les interprétations (Besse et al. 2013, Besse et al. 2012).

De ce fait, la biosurveillance active a été proposée et recommandée par la DCE
pour mesurer la contamination chimique dans des organismes calibrés transplantés
GDQV OH PLOLHX &HWWH PpWKRGH FRQVLVWH POODLWXDQV
un autre in situ (Wepener 2013). Elle a été inspirée des mesures de dépuration de
FRQWDPLQDQWYV SDU GHV RUJDQLVPHV WUDQ®@VS8DWNAWPRQG
contaminé. Mais actuellement, la biosurveillance active se base sur la transplantation
GTfRUJDQLVPHY VWDQGDUGLVpPV GIXQ PLOLHX QRQ ERQWDPL
étant la quantification de la contamination chimigue biodisponible (Ciliberti et al. 2017),
potentiellement toxique et la comparaison pour différents sites de suivi et a différentes
saisons (Besse et al. 2013, Coulaud et al. 2011, Wepener et al. 2005).

/ID ELRVXUYHLOODQFH DFWLYH SUpVHQWH DXVVL OTDWHEF
VRXYHQW VRXV OD OLPLWH GH TXDQWLILFDW QLU GRS \OH V
de la fraction biodisponible (Ciliberti et al. 2017). Il existe dans la littérature des
comparaisons entre méthodes DLQVL 8KHU HW DO RQW PLV HQ °X
de contamination métallique par capteur passif par diffusion (DGT), par biosurveillance
active avec des JDPPDUHV HQFDJpV HW SDU SUpOqYHPHQWYV GTp
encagements de gammares ont donné la mesure la plus forte en contamination et ont
permis de discriminer les sites pollués en plomb et cadmium. Le capteur passif a donné
SOXV GILQIR UPreguichhehciiXlleldans OTHDX PDLV PRLQVQUBITLQIRUF
celle obtenue par biosurveillance active. La biosurveillance active présente aussi un
atout par rapport a la biosurveillance passive, car les organismes du milieu ont dans
une certaine mesure pu VIDGDSWHU DX FRQWDPLQDQW DORUV TXH
DFWLYH LOV QTRQW SDV pWp H[SRVpV DXSDXXBYWOQ® DX[ FR
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Wepener 2013). Elle permet aussi surtout la réduction des sources de variabilité en
lien avec les facteurs biotiques, car les organismes sont standards et dotés de
caractéristiques physiologiques similaires (Coulaud et al. 2011, Santana et al. 2018).

Les mesures de la biosurveillance active sont pratiquées avec différentes
VRQGHV ELRORJLTXHV ,QLMWAD @ WXEQWHORRKXRW WRQGH GTD
de métaux (pour le cuivre et le zinc) par la disparition de ces substances dans
OYfRUJDQLVPH NXWD (QVXLWH OfYXWLOLVBWLARM GH
surveillance de la contamination chimique dans les eaux c6tiéres au milieu des années

HQ OHV WUDQVSODQWDQW GYIXQH SRSXQDWQRQ DIXHEO}
MXVTXYj] GHV HDX[ SROOXpHV 'H .RFN /IHV PRXOHYV
OYDFFXPXODWLRQ GH FRQWDPLQDQWYV FKL RalsTin¥eillshd8 DQV OH:
GH OYLPSDFW GHV VRXUFHV GH FRQWDPLQDWLRX HWNOKNWX
composeés organiques ont été mesurés dans les moules en Méditerranée (Andral et al.

/ID ELRVXUYHLOODQFH DFWLYH H[LVWH DXMWMdés SRXU G
poissons. Par exemple, des poissons Carassius auratus ont été des sondes de
biosurveillance active dans des zones connues comme étant contaminées (4 sites
dans le Taihu Lake) (Lu et al. 2010). Dans une autre étude, des analyses chimiques
de muscles de poissons ont montré des concentrations élevées en métaux a proximité
des industries et des environnements dégradés (Santana et al. 2018).

Le gammare Gammarus fossarum est un crustacé utilisé aussi en
biosurveillance active pour mesurer la contamination chimique biodisponible dans les
FRXUV GJYHDX %HVVH HW DO ,O HVW FRQVLEHWYWRPP
a-dire permettant la surveillance chimique des polluants comme les pesticides ou les
micropolluants (Brettschneider et al. 2019b, CilibertL HW DO ,O D OTDYDQW
XELTXLVWH GDQV OHV ULYLqQUHV GT(XURSH GH) O/H2 XHNVYW B Y
et al. 2013, Brettschneider et al. 2019a, Kunz et al. 2010, Urien et al. 2016). Sa
SK\WLRORJLH HVW ELHQ FRQQageméhirdamsHe SilieR svédReFeRbliH GIHQF
(Besse et al. 2013). Pour mesurer la contamination chimique, seuls les gammares
PkOHV GH PrPH WDLOOH HW GH OD PrPH SRSWOBWQR @ RQW X
encagés pour réduire la variabilité (Besse et al. 2013, Coulaud et al. 2011). Pour les
expositions mesurant la contamination chimique, la fraction assimilée par le gammare
est essentiellement dissoute (Besse et al. 2013). Les gammares ont été utilisés pour
la quantification des métaux et des contaminants organiques biodisponibles (Ciliberti
etal. 2017). La Figure .1 UHSUpVHQWH OH GLVSRVLWLI GITHQFDJHPHQ
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milieu et une microscopie de Gammarus fossarum. Les mesures in situ via le gammare
SHUPHWWHQW GfpYDOXHU OHV VRXUFHV GH FR QWMDRALIQRMWV
GIpSXUDWLRQ RXigGr§ LY).GXVWULHV

©INRAE

Figurel.l 'LVSRVLWLI GfHQFDJHPHQtévraia INREBE).PDUH VXU OH
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Figure 1.2: Les encagements de gammares a proximité des sources de pollution
(Figure issue de la publication de Laurence de Monreseaudeau.fr disponible depuis
2019 sur : www.monreseaudeau.fr).
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Les encagements de gammares sont exposés dans le milieu pour une période
GIXQH VHPDLQH RX GH WURLY VHPDLQHYV $ PKQ BEH@W UMDHNV L
PLOLHX LO QYH[LVWH SDV GH GLIIpUHQFH GH ¥RPPHQHN H /W
WURLYV VH P{pdsifidth Yo 8B des sites (Geffard et al. 2014). Une exposition
GIXQH VHPDLQH HVW DORUV UHSUpVHQWDWLYH GIXHM H[SR
Les quelques variations de bioconcentrations sur quelques sites entre une semaine et
WURLV VH epasidh\pe@&nt étre dues a une variabilité de la contamination
chimique dans le milieu. Pour plus de 60% des composés organiques (surtout les
PCBs) le méme profil de bioconcentration existe entre une semaine et trois semaines
GITH[SRVLWLRQ DBiMeél &ughéntdtioB RAiMa troisieme semaine (Recoura-
ODVVDTXDQW HW DO 'DQV SOXVLHXUV VLWHV SOXV G
HQ FRPSRVpV RUJDQLTXHY GDQV OH JDPPDUH HVW HHSUpVH

de trois semaines.

1.3. Surveillance de la toxicité chimique

La contamination en substances chimiques est liée a la toxicité chimique. La
biosurveillance active permet la mesure de la toxicité chimique dans le milieu par des
métriques comme la toxicité chimique létale et la toxicité chimique sublétale (Santana
et al. 2018). Ces mesures sont les réponses du biote vis-a-YLV GH OD TXDOLWp G
(Wepener 2013). Parmi les métriques de toxicité chimique sublétale, le taux
GIDOLPHQWDWLRQ GX JDPPDUH D pWp XWDLQL®RpaslRXU pYDO
DO /TLQKLELWLRQ GH OYDOLPHQWDWLRQ pPSSRQYWHH W H
VHQVLEOH .XQ] HW DO &KH] OHV LQYHUWpPEUPYNR@D PR
HVW OH SUHPLHU LQGLFDWHXU REVHUYDE O HlirGerAta®ioR O O X W L R
par les toxiques peut induire une réduction de la croissance, de la taille, de la fécondité
HW GH OD VXUYLH GHV LQGLYLGXV 3RXU GHV VHQ@WVGHR QW
JDPPDUHV D SHUPLV GYfpYDOXHU XQH DOWpuUipastvdrRQ GH C
(Dedourge-*HIIDUG HW DO $LQVL OTLQKLELWLRQ GH OfDO!
métrique de surveillance de la toxicité des effluents de fermes, des pesticides, des
stationV GTpSXUDWLRQ GriinégsHlesOndsi)ed/ & désHessivages (Besse
et al. 2013). La pollution chimique agit également négativement sur la survie et donc
peut induire la mortalité des gammares. Les effets des toxiques sur la survie ont été
examinés dans de nombreuses études. Etudier plusieurs biomarqueurs de toxicité
FKLPLTXH GRQQH XQH LGpH JOREDOH GHV LPQ WKW ¥ DEHNO R
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et al. 2018). Les biomarqueurs peuvent répondre différemment en fonction des classes

de contaminants.

2. ldentification des pressions anthropiques
2.1. &D G UHYV uvathhp ded Aulti-pressions
En écotoxicologie, les recherches ont été axées essentiellement sur la pression
chimique. Or, dans le milieu cette pression chimique est liée a de multiples pressions
anthropiques et devrait étre étudiée en parallele de ces autres pressions. En effet, les
écosystemes aquatiques sont actuellement de plus en plus exposés a de multiples
pressions anthropiques a différentes échelles, menacant la santé des écosystemes et
de surcroit celle des humains (Allan 2004, Brooks et al. 2020, Hering et al. 2015, Lemm
and Feld 2017, Namba et al. 2020, Smith et al. 2015). Chaque pression est constituée
GIXQ RX GH SOXVLHCompendw cammnehit IEdUstfesseurs interférent et
impactent sur la réponse écologique des écosystémes est donc essentiel pour
développer des plans de gestion des bassins et mettre en place des lois
environnementales efficaces (Allan 2004, Hering et al. 2015). Actuellement, la
compréhension des effets de multiples pressions est un domaine de recherche en forte
croissance au travers de nombreuses études (Lemm and Feld 2017). Le
GpYHORSSHPHQW GYDSSURFKHV LQWpJUD Q-WeSibphseRQFHSW |
désormais recommandé par rapport aux études plus sectorielles des effets de chaque
stresseur sur le biote (Gieswein et al. 2017). Les modéles étudiant les effets des
pressions dans les lacs avec multiples stresseurs ont un pouvoir explicatif supérieur a
celui des modeles réduits a un stresseur (N8ges et al. 2016). Ainsi, pour développer
des approches multi-pressions, dHV FDGUHV GTpYDOXDWLRQ VRQW Gp
OfpYDOXDWHXU GDQV OD GplILQLWLRQ GH IDFWHXUV LPSRU
ITLQVWLWXW QDWLRQDO GH OD VDQWp SXKQIBDXW HW G
%DV D SURSRVp OD VWUDWDPJLH G foniveménktenant dergpte g8V p JUpH C
pressions. Ce concept DPSIR (Driving forces, Pressures, State, Impact and
Response) fait la distinction entre les forces motrices, les pressions, les états, les
impacts et les réponses (Feld et al. 2016, Kristensen 2004). Les forces motrices
(driving forces HQ DQJODLY FRQFHUQHQW GHV JUDQGV W\SHV GfY
OYDIJULFXOWXUH HW OYXUEDQLVDWLRQ /HV SUHVVLRQV VR
par les forces motrices. Les états sont les états physiques, chimiques et biologiques.

Les impacts sont ceux sur les écosystemes. Et les réponses concernent les priorités
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G 1D FW L Riguxé 1.3 xsue de Kristensen (2004) illustre bien le cadre DPSIR avec
des exemples pour chaque facteur. Le schéma « forces motrices, pressions, état,
impacts et réponses » présente alors un cadre conceptuel pour évaluer les effets des
SUHVVLRQV &LQQLUHOOD HW DO VXU OHTXHO VYfHVW
SUHQRQV OYfH[HPSOH GHV ]J]RQHV j IRUWH DFWLYLWpPp KXPD
industries) : elles peuvent avoir un impact a la fois sur la physico-chimie, sur les
FDUDFWpPpULVWLTXHYV K\GURORJLTXHV HW PRUSKREKIRNLRRHV
GHV IOX[ K\GULTXHV HW OH WUDQVSRUW GH VpBQMH/QW XUV X
OD SROOXWLRQ WRI[LTXH VX Ude®@DpiByR W géfakdn W prokiitéO THP S U |
GX FRXUV KBWHDXU OYKDELWDW VXSSUHVVLRQ HW SHUWH
2018). Plusieurs auteurs comme Villeneuve et al. (2018) ont adopté le concept DPSIR
et quantifié les effets de la force motrice occupation du sol et des pressions (altérations
hydromorphologiques et enrichissements en nutriments et matiéres organiques) sur
OfpWDW GHV FRPPXQDXWpV GH PDFURLQYHUWPpPEUpPV EHQWK

Figure 1.3 : Schéma conceptuel du cadre DPSIR avec des exemples de forces
motrices, pressions, état, impacts et réponses (issu de Kristensen (2004)).

Des nuances de ce cadre DPSIR ont été apportées. Le cadre conceptuel de
DPSCRu4 (Drivers, Pressures, Stressors, Condition, Responses) appliqgué au Mexique
a été développé (Harwell et al. 2019). Dans le DPSCR4, une force motrice est une

force fondamentale naturelle ou anthropique, souvent a une grande échelle et a long
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terme. Une pression est une activit¢ humaine qui peut générer des stresseurs. Un
VWUHVVHXU HVW OH UpVXOWDW PHVXUDEOH GfXQH SUHWV)\
perturbation (Niemi et al. 1990, Statzner and Béche 2010), il est également ce que
OfpFRV\VWgPH H[SpULPHQWH GLUHFW H PdgiQue/ lIle3vd&iri XW F D X\
FRPPH XQH YDULDEOH TXL UpVXOWH GH OWHDWWX | IGW pYOXJRDN
normale et qui affecte positivement ou souvent négativement les taxa, la composition

GH OD FRPPXQDXWp RX OH IRQFWLRQQ H&.12q18/ NGgds &tTpFRV\V
al. 2016, Piggott et al. 2015). Des stresseurs variés touchent aux composantes

chimiques, physiqgues et ELRORJLTXHYV GH O fpebvwent \dewaperHlesH W
DVVHPEODJHYVY GH PDFRLQYHUWPpPEUpPY GHV FRXUV GffHDX 3LC
pPFRORJLTXH HVW OYfpWDW GH OfpFRV\VWqgqPH /HV USRQVH

écologiques visant a réduire, remédier, restaurer et réhabiliter les milieux.

2.2. Les sources de la contamination chimique
Dans le milieu, la pression chimique est liée & des pressions considérées
comme des sources de contamination. Les sources sont soit ponctuelles
GpYHUVHPHQW GX FRQWDPLQDQW GLUHFWHPHQYHDBGX[QV OH
usées domestiques, les effluents industriels, les déversements accidentels,
OI$ORLWDWLRQ PLQLgQUH HW OHV GpYHUVRLUV GTRUDJH \
+ROW /IH UXLVVHOOHPHQW H[FgV GH SOXWLRIOTXHWQH
OYpURVLRQ VRQW GHV IDFWHXUV VXSSOpPHQWDQWHVTXURSL
VIDFFHQW Xés gramdésYldieseten IRQFWLRQ GH OYfpWDW GH VDWXU
GH OHXU WDX[ GfLPSHUPpPDELOLVDWLR Qforitiiah deeduikeLRQV G v
les matieres organiques, les nutriments et les micropolluants des eaux useées.
Cependant, de nombreux éléments comme les métaux et les médicaments peuvent
persister méme apres le traitement (Arce Funck et al. 2013, Oursel 2013).
Les métaux sont des composés avec des effets sur la santé humaine
(neurotoxiques, carcinogenes, mutagénes ou tératogenes) (Verma and Dwivedi 2013)
HW FHOOH GYRUJDQLVPHY DTXDWLTXHYV FRPPH OHWH QYHUYV
VRQW GHV FRPSRVpV GYfRULJLQH QDWXUHOOH LVVXH GH OD
fond géochimique, mais les activités humaines ont aussi contribué énormément a des
rejets de métaux dans les eaux douces (Oursel 2013, Urien et al. 2017, Verma and

Dwivedi 2013). Les sources anthropiques sont les industries, les rejets des stations
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GIpSXUDWLRQ OHV DFWLYLWmpmsWhiberesleFle&sAdthargesHiQUrs¢[SORL WD
2013, Sewwandi et al. 2011, Tchounwou et al. 2012).
Les contaminants organiques sont trouvés dans le milieu généralement en
petites quantités mais ils ont des effets significatifs sur les écosystémes (Warren et al.
2003) du fait de leur persistance. lls sont constitués des substances comme les HAPs,
les PCBs, les pesticides, etc. Plus spécifiquement, les HAPs sont issus des transports,
GHY GpYHUVHPHQWY DFFLGHQWHOV GHV YRLWXUHV HW GI
(Warren et al. 2003). Cette combustion libere aussi des polluants persistants comme
les PCBs. Les sédiments fins piegent les contaminants organiques et sont considérés
comme des vecteurs de transfert des contaminants. Depuis les années 1980, les PCBs
ne sont plus utilisés en Europe (Diamond et al. 2010) mais ils peuvent se retrouver
dans des décharges anciennes et des anciens matériaux (Dendievel et al. 2019), des
JRQHV XUEDLQH¥ s @@V DADNUWLQH] HW DO OHV VpGl
LesrefHWV XUEDLQV GpY)Hsont BjaldrienGdeR soDrdés (Amiard et al.
2016). lls peuvent étre concentrés dans les boues épandues dans les terres agricoles.
Sept PCBs sont définis comme des PCBs indicateurs (Babut et al. 2009).

2.3. Exemples de multi-pressions

/ID SUHVVLRQ FKLPLTXH HVW OLpH DX IRQFWLRQHPHQ
PXOWLSOHYV SUHVVLRQV LGHQWLILpHYVY 7RXW \@ FIDERRJFGH O TR
XQH IRUFH PRWULFH VYDFFRPSDJQDQW GH GLYHUVHV SUHV
IRUFH PRWULFH HVW UHODWLYH j SOXVLHXUV PRGHY GYRFF.
les PLQHV O91DJULF X OM/déefdrestat@nBhi@neLet &l. 200V, Matthaei et al.

j OTRULJLQH GH SROOXWLRQV GLIIXVHVqué&Tplu® MR X W H ¢
SRQFWXHOOHV FRPPH OHV VWDWLRQV GpSXUDWUR®L UMW H L
GfRUDJH :HEHU HW DO ITRFFXSDWLRQ XX N®RW pWWLF
identifiées comme des pressions larges-échelles a effet dominant (Lemm and Feld

(Q HITHW O9YRFFXSDWLRQ GX VRO DOGWXIHISL TXKHR BRIG (

YLD ODXJPHQWDWLRQ GX FDUERQH GHV QWWULPHC
déversés dans les rivieres (Craig et al. 2017, Kaushal et al. 2014). Le milieu urbain
LQFOXW DXVVL GHV LQGXVWULHVY HW GHV UHMHWYV GHV VWD
'"f{DLOOHXUV OHV VpGLPHQWYV VRQW SOXV QRPEUHX[ HQ ]
VIpURGHQW HW OHV UXLVVHOOHPHQWYV D XJPMHQ B/HBWDH GD Q V
par XQ FRXYHUW YpJpWDO /HRSROG /ITDJULFROBWXUH
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augmentation des nXWULPHQWV GH W\SH D]JRWH HW SKRVSKRUH
(Matthaei et al. 2010). Par la suite, les concentrations en oxygéne dissous sont
modulées par les effluents des rejets agricoles riches en matiéres organiques (Maltby
'H SOXV OYDJULFXOWXUH HVW DXVVL VXVFHSWLEOH

YHUVDQW HW OD FKDUJH SDUWLFXODLUH VpGLBHQWDWLRQ
Ces activités agricoles induisent une érosion des berges et une augmentation de la
sédimentation et, une altération de la géomorphologie des habitats ripariens (Rios and
%DLOH\ /ITLPSDFW GHV JRQHV DUWLILEhHDVOHY X/ \DRJD |
et al. 2010). Contr DLUHPHQW j OYLPSDFW GH OYXUEDQLVDWLRQ
UpSRQVHY ELRORJLTXHVY OfTRFFXSDWLRQ GX VRBFLHM JRQH
a un meilleur statut écologique (Grizzetti et al. 2017). Les foréts et les paturages ont
un réle positif dans de nombreuses régions, agissant comme des zones tampons et
protectrices contre les pressions et donc conduisant a un effet positif sur les
FRPPXQDXWpV QRWDPPHQW GILQYHUWPpPEUpPV

Les changements hydromorphologiques, liés a la forme et au fonctionnement
deV FRXUV GfHDX FRQVWLWXHQW pJDOHPHQW GHWB WGHV VLF
la dégradation (Birk et al. 2020). Les modifications morphologiques des riviéres
SHXYHQW rWUH GXHV | OTHISDQVLRQ GX OLW PW DOFWLILFI
et, les changements de flux liquides et solides (Corneil et al. 2018, Matthaei et al.

8Q FRXUV GYHDX TXL HVW pODUJL VH FDUDHMHWPBHNVHUD

non végétalisées lors des crues ou un colmatage important de dépbts qui
V 1D F F X P e® 2ae8\fipariennes peuvent agir comme un espace tampon vis-a-vis
GHV FRXUV GYHDX HQ SLpJHDQW OHV VpGHKNHKRQW DPH\D X!
(Kaushal et al. 2014, Rios and Bailey 2006).

La pollution est aussi une pression importante sur les écosystemes (Corneil et
al. 2018, Grizzetti et al. 2017). Le terme pollution est souvent associé a une pollution
en nutriments (le nitrogene, le phosphore, etc.) et en substances chimiques comme
les pesticides (Matthaei et al. 2010, Segurado et al. 2018, Weber et al. 2018). Des
stresseurs comme la pollution organique et les nutriments induisent des impacts
LPSRUWDQWY VXU OHV pFRV\VWgPHV %LUN HW DO
enrichissement en nutriments figure dans 71% a 98% des études de multi-stresseurs
pour les eaux de surface (Noges et al. 2016). La pression des nutriments peut co-
varier avec la pression K\GURPRUSKRORJLTXH DX QLYHDX GHV FRXU\

2016) et induire un manque en oxygene. La précipitation peut étre un vecteur de
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transfert de stresseurs comme les contaminants issus des milieux urbains. Des
changements dans la précipitation et les ruissellements pendant une tempéte
FRQWULEXHQW j OfDUULYpH DX FRXUV GTHDXR@MW FPUERQW

des paysages agricoles et urbains imperméabilisés (Kaushal et al. 2014).

24. )RQFWLRQQHPHQW GX F&HKdlleg GTHDX j PXOWL

/IHV PXOWLSOHYVY SUHVVLRQV DQWKURSLTXHV DIIHFWHQ
échelles spatiales emboitées (Allan 2004, Dahm et al. 2013, Kail and Wolter 2013). Le
IRQFWLRQQHPHQW GHV FRXUV GYfHDX HVW HQ GipHWHRWIH\Q
VSDWLDOHY DOODQW GH OfpFKH Géblht PasddnRp@iieOtdssin FHO O H ¢
versant et le trongon (Villeneuve et al. 2018, Villeneuve et al. 2015). La Figure 1.4 issue
de Steele et al. (2010), qui reprend la hiérarchie décrite par Frissell et al. (1986), met
en avant les différentes échelles GX EDVVLQ YHUVDQW GX FRXUV GfHDX
OfKDELWDW &HWWH ILIJXUH PHW DXVVL HQ pYLEGHWFH OfIL
K\GURORJLTXHVY GH TXDOLWp GH OfHDXWHW[HEBRRORJIOMPHRY
et le ruissellement peuvent étre étudiés a des échelles larges comme le bassin versant
etle FRXUV GIHDX ,0 IDXGUDLW pWXGLHU OHV UHODWLRQV (
et également a des échelles larges pour pouvoir comprendre mieux les cascades

GYHITHWYV O6RUDQQR HW DO 9|U|]VPDUW\ HWHD G HV (
échelles spatiales intermédiaires (Burcher et al. 2007) qui représentent un passage de
OfpFKHOOH ORFDOH j ODUJH &KHUXYHOLO H\Wrdp&sent $LQ

OD SULVH HQ FRPSWH GH OfpFKHOOH GX ORRID® RQVDPR G W/VI
YHUVDQW SRXU pWXGLHU OfHIIHW GH OD PRUSKRORJLH VXL
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Figure 1.4: Presions physiques, hydrologiques, qualité de I'eau et biologiques a
différentes échelles. IHydromodification inclut tout facteur qui modifie ou altére le flux.
(Figure issue de Steele et al. (2010)).

/IHV SUHVVLRQV DQWKURSLTXHV j OfpFKHOOH ODUJH G
des répercussions aux plus petites échelles, intégrer plusieurs types de pressions et
influencer la viabilité des écosystemes (Corneil et al. 2018, Frissell et al. 1986, Norris
et al. 2007, Villeneuve et al. 2018). Par exemple, selon Norris et al. (2007) les
FDUDFWpPULVWLTXHY GX EDVVLQ YHUVDQW DIIHFWHQW O K\
OYKDELWDW OD TXDOLWp GH OYHDX HW UHQYDNMOR® HIJWH W H
ELRORJLH HW j TXHOOH pFKHOOH SHUPHWWUDKWR SYTXHW W L
et demeure essentiel pour la gestion et la restauration des riviéres dégradées (Kail and
Wolter 2013, Rios and Bailey 2006). Les écologues se sont alors de plus en plus
LQWpUHVVpPV j OTpWXGH GHV SdeRiuliplevéchellgsFsRaiidedleT X HV |
WHPSRUHOOHV 6RUDQQR HW DO PDLV OfBHBOHOWALELC

spatiales larges reste un défi majeur (Stendera et al. 2012).

3. Liens entre les pressions et la biologie
3.1. Nécessité de compréhension des liens entre les pressions et les réponses
biologiques
Ces pressions anthropiques, incluant la contamination chimique et/ou la toxicité
chimique, ont des impacts sur les communautés biologiques. La DCE envisage la
UpGXFWLRQ GHV SUHVVLRQV HW OYDWWHLQWH GXXERQ pWI

européens, ce qui passe nécessairement par une compréhension des liens entre les
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presVLRQV HW OffpWDW pFRORJLTXH GHV FRXUV GYHDX &R
LPSRUWDQW GYpODERUHU GHYV in$actsRjfatfiant @4 Wiphdts SUH V V L
des pressions, pour des gestions efficaces (Ormerod et al. 2010). Quatre types
GTpYDOXDhWaets) ¥té Rproposées OfpYDOXDWLRQ GHV SUHVVLRC(
SK\WLTXHV HW ELRORJLTXHV OfLGHQWLILFBQYWR @ HW OB
sources des altérations OfpYDOXDWLRQ SUpGLFWLYH HW OHV UpVX
(Figure 1.5 extraite de OYDUWLFOH &R URQIBYN LEeliénseexive et multi-
SUHVVLRQV HW OH VWDWXW pFRORJLTXH GHV ULYLqQUHV R
TRXWHIRLYVY pYDOXHU -@b&iéhS BUF s &ddsystetre@dVadquatiques et
FRPSUHQGUH OHXUV HIIHWYV FR R&Ede@ewve Wxdéfi, adtgnwhBritv pFROR
a grande échelle.

Problem Problem
Detection Solving
Condition Assessment Causal Pathway

Assessment

Cause H Source ]

-

Environmental
Epidemiology

Biological |~

Problem
Resolution

[ Outcome t‘::"” ’ Management ]

Environmental
Management

Outcome Assessment Predictive Assessment

Figure .5 &DGUH FRQFHSWXHO GH OfpYDOXDWLRQ GHV SUHV\
ELRORJLTXHV OD GpILQLWLRQ GHV OLHQV FDXVIHM RW GHV
le succés des propositions de gestions. (Figure issue de Cormier and Suter (2008)).

3.2. Les réponses des communautés
Les réponses des communautés sont généralement étudiées par des
bioindicateurs aquatiques (Donohue et al. 2006, Namba et al. 2020, Statzner and
Béche 2010). Les organismes qui composent ces communautés répondent aux
pressions FRPPH OD SROOXWLRQ OYHQULFKLVVHPHQW HQ QXW
VXUH[SORLWDWLRQ %LUN HW DO /IHV LQYHUW@BUpPV G
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distribution large et peuvent présenter des abondances fortes (Weiss and Leese
6HORQ OHXU IDPLOOH GYIDSSDUWHXD QB HWILGIVGHHI IGHHF XWX

HQ HDX GRXFH DYHF GHV F\FOHV GH YLH YDULDEWHRQ@OOL
etunevarLpWp GIHVSqgFHV D\DQW GHV VHQVLELOLWPpPNWGDIDpUHAQC
2020). La sensibilité des macroinvertébrés benthiques et leur durée de vie permet de
prendre en compte les changements au fil du temps (Dolédec et al. 2011, Jones and
Leather 201 INZRML HW DO WHO TXYJLOV SHXYHQW UpSRQ
SUHVVLRQV TXH GIDXWUHV WDI[D 6HIXUDGR HW DO
PDFURLQYHUWPEUpPYVY EHQWKLTXHV SRXU OTyWDOXDANLYRIQ@ ALl
des formes, des préférence V G 1 K D E LayigfdranceSalimentaires variées et des
réponses aux stresseurs (Jones and Leather 2012, Usseglio-Polatera et al. 2001). lIs
sont aussi facilement échantillonnables (Jones and Leather 2012). Les polluants
peuvent influencer directement ou indirectement les invertébrés notamment au niveau
de leur diversité. Par exemple, la contamination en éléments traces métalliques peut
LQGXLUH XQH SHUWH GYLQYHUWpPEUpV /HV LQYHOWpPEUpPV
carence en oxygene et aux apports en nutriments (Gieswein et al. 2017).

/ID '"&( UHTXLHUW OYXWLOLVDWLRQ GH ELRLQGLFDWHXUV
&HYVY LQGLFDWHXUYVY VRQW VRLW GHV LQGLFDWHXUWYXRYQpUDX
a certaines fonctions des communautés. Pour les indicateurs généraux, cette
PYDOXDWLRQ GH OD TXDOLWp GHV FRXUV GIYHDX GHVEDVH
éléments biologiques entre une condition de référence établie, théoriqgue ou modélisée
HW OD FRQGLWLRQ REVHUY p Mguéfire® Erare¢idepiRQes\anidesS V. HQ

D pWp OT,%*1 ,QGLFH %LRORJLTXH *OREDO 1RUPDOLVpP

EHDXFRXS j OfDOWpUDWLRQ GX F\F @t a&td dévbloppg Wdng UH RUJL
OD G\QDPLTXH GH OD '&( SRXU Gf1XQddveb éxgendgsSRQGUH
méthodologiques, mais surtout pour prendre en charge un spectre plus large de
réponses aux altérations multiples rappelées ci-DYDQW &THVW XQ LC
macroinvertébrés mult-PpWULTXH pYDOXDQW OD TXDOLWp pFRORJ
francais en se basant sur des approches taxonomiques et de traits (Mondy et al. 2012).
&HW LQGLFDWHXU HVW VSpFLILTXH j SUHVVLWR® G H QWHIMLR S
HW OD GpJUDGDWLRQ GH OYKDELWDW , O HVWQRRREVWLWXp
score ASPT (Average Score Per Taxon OYDERQGDQFH UHODWLYH GH W
OYDERQGDQFH UHODWLYH GH WD[D RYRYLYLSDWpWrWWs K D
GLVSRVHU GY{XQ L-@&rigteDr@gidexddnd’sé @apydcité a mieux discriminer
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les réponses des communautés benthiques a différentes catégories de pressions. |l
SUpVHQWH XQH DPpOLRUDWLRQ GDQV OD GpWHFW®HRQ GH
SUHVVLRQV HQ FRPSDUDLVRQ j Of,%*1 XWLOLVp DXSDUDYCLC
dans le cours dfHDX DYHF TXDWUH pFKDQWLOORQV SRXU OHV |
échantillons pour les habitats majeurs. Les valeurs proches de 1 sont attribuées pour
OHV FRXUV GYfHDX SURFKHV GH OD Ups$p¥d A QduHunHéEt OHV YD
écologigue mauvais.
Les approches relatives aux communautés basées initialement sur la

taxonomie, se sont enrichies au fil du temps par des approches plus fonctionnelles
LOQWpJUDQW OHV SURSULpWpV GHV WUDLWYV GHWROXBIQLVP
les effets des stresseurs sur les écosystémes lotiques ont longuement été utilisés

6WDW]QHU DQG %rFKH 8Q WUDLW HVW 8w XiUWRWIPLDA
fonctionnel est un trait qui impacte la fitness via des effets sur des métriques comme
la croissance, la reproduction et la survie (Dolédec and Statzner 2010, Violle et al.
2007). Plus spécifiguement, les traits biologiques sont des variables décrivant les
caractéres biologiques des organismes (taille, morphologie, cycle de vie, etc.)
(Statzner and Béche 2010) et les traits écologiques sont en relation avec
O TH QY L UR(pré&¥érende @W\substrat, de salinité, de pH, etc.). Les traits peuvent
étre appliqués a des échelles larges (Demars et al. 2012, Dolédec et al. 2011) et
répondent a des multi-pressions (Archaimbault et al. 2010, Poff et al. 2010, Van den
Brink et al. 2011, Verberk et al. 2013). Par exemple, les traits biologiques répondent &
OTRFFXSDWLRQ GX VRO j OfpFKHOOH GX EDVVLOPYEBHNVDQW
certaines formes de pollution métallique (Dolédec and Statzner 2008). Les traits
biologiques et écologiques des macroinvertébrés benthiques ont été définis (Tachet et
al. 2000, Usseglio-Polatera et al. 2001). Les variations spatio-temporelles auxquelles
sont soumis les habitats agissent sur les organismes, sélectionnant les traits qui
maximisent la fithess (Archaimbault et al. 2005). En conséquence, les communautés
exposées aux mémes conditions environnementales présentent majoritairement la
méme combinaison de traits. Les combinaisons de traits peuvent alors étre spécifiques
a certaines natures de stresseurs. Les liens entre les traits biologiques et les
VWUHVVHXUV PXOWLSOHY IRQW OfREMHW GH UHFKHUFKHYV
%rFKH (Q SUpVHQFH GH VWUHVVHXUV O T KIDV . WDV WR X
a-dire que certaines modalités de traits peuvent étre sélectionnées en fonction des

conditions du milieu (Figure 1.6).
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Habitat harshness as Habitat Templet Concept: merging
habitat as trait filter & niche
concept & r-K concept
(Southwood, 1977)

trait filter (Thienemann, 1918)
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Figure .6 3ULQFLSHV WKpRULTXHV HQ pFRORJLH VXU ®fXWLOL
OTpYDOXDWLRQ GHV HIIHW VisGielde StatzheHANY BEXHg Y2010)). J X U H

'f{DLOOHXUV OD SULVH HQ FRQVLGpUDWLRQ GHV WUDL
approches taxonomiques initiales sur la structure des communautés. Les descriptions
fonctionnelles des communautés peuvent ainsi étre comparées sous différentes
conditions environnementales et méme dans les régions biogéographiques différentes
qui different en fonction de leur composition taxonomique (Dolédec et al. 2006,

Dolédec et al. 2011, Verberk et al. 2008, Verberk et al. 2013).

3.3. Quantification des liens entre les pressions anthropiques et les réponses
biologiques
Plusieurs études pressions-impacts ont quantifieé les impacts de multiples
pressions sur les communautés aquatiques ainsi que les combinaisons entre les
SUHV VLR QdriemdrLl€y &6thHns de gestion vers les pressions dominantes. Les
forces motrices et pressions qui sont souvent étudiées sont les suivantes O JRFFXSDWLR ¢
GX VRO OYDOWpPUDWLRQ K\GURPRUSKcRIQigugtleX sbutre! OD S UH
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en lien avec les apports en nutriments. Néanmoins, peu de ces approches integrent la
pression chimique.

&RQFHUQDQW OfRFFXSDWLRQ GX VRO GH SOXV HQ &
OYLGHQWLILFDWLRQ HW OD TXDQWLILFDWLRQ GHV OLHQ
caractéristiques des écosystémes aquatiques (Lucero et al. 2011). La covariation entre
OTRFFXSDWLRQ GX VRO HW OH FRQWH[WH QDWXSBRQRUFRPPF
281 trongons. Cette étude met en avant la variation de ces relations en fonction des
échelles. Lorenzand )HO G RQW pWXGLp OD UHODWLRQ HQWUH C
ecologique de rivieres pour 46 sites en Allemagne, et ont trouvé des relations fortes
GDQV OH VHQV GIYXQH DXJPHQWDWLRQ GH ORIRPWBFYWQHI XD
PFKHOOH GIMXNXHQFH NP HQ DPRQW GX VLWH 'DQV S
OYDXIJPHQWDWLRQ GH OYRFFXSDWLRQ GX QRGCGGPIUDERWH. RAL
GHV KDELWDWYV HW GH OTpWDW GHV FRPPXQDXWpV DTXDWL

'IDXWUHV WUDYDX[ VH VRQW LQutep Untbdificatiidns DX|[ LP:
hydromorphologiques sur les réponses biologiques. Gieswein et al. (2017) ont étudié
OYHIIHW GH VWUHVVHXUV DQWKURSLTXHV WAWKD |IDXQ
Allemagne. lls ont montré que les stresseurs physiques avaient le plus GY{LPSDFW WRX
en insistant sur la nécessité de mieux décrire les caractéristiques de
OTK\GURPRUSKRORJLH j OfpFKHOOH DGpTXDWH 3DU DLOOH
riparienne et la structure des communautés de macroinvertébrés ont été déterminées
j GLIIpUHQWHY pFKHOOHYV SRX(Rios avid Bailey2@E). Qensx§tEQ WD U L
étude, la richesse taxonomique et la diversité des communautés de macroinvertébrés
sont au maximum quand la couverture végétale est maintenue.

Plusieurs études concernent plus spécifiguement les effets des apports en
nutriments. Ainsi, ces effets des nutriments sur les algues et les macroinvertébrés ont
été décrits pour 30 sites aux Etats-8QLYV G{I$PpULTXH HW RQW PLV HQ pY
négatif dominant des fortes concentrations en nutriments (Waite 2014). Une étude de
SOXV JUDQGH HQYHUJXUH D pWp FRQGXLWHXSRXKW DOULYLqU
La morphologie, la géologie et la couverture du sol du bassin versant influencent les
structures des communautés.

"9 Dtres études ont cherché a comparer les effets combinés des pressions
occupation du sol, des modifications hydromorphologiques et apports en nutriments
sur les réponses biologiques. Villeneuve et al. (2015) ont conduit une telle étude pour
1100 sites en Fr DQFH OD UpSRQVH ELRORJLTXH pWwDeW UHSU
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QXWULPHQWYV HW OHV PDWLqQUHV RUJDQLTXHW BQWV O H SHD OV
VXUMOWHO TXH SOXV LOV DX N@WWDORIHQW LWOXN OfpWDW G
Villeneuve et al. (2018) ont enrichi ultérieurement ce premier travail : les effets directs
et indirects de multi- VWUHVVHXUV VXU OHV FRPPXQDXWpV GILQYHL
pour 1200 sites ont été quantifiés suivant les échelles du bassin versant, du trongcon
etdusitH /HV YDULDEOHYVY VRQW OfYRFFXS Ds¥ins Resa@i 8RO LQW |
altérations  hydromorphologiques des bassins versants, les altérations
K\GURPRUSKRORJLTXHV j OTpFKHOOH GX WURQMRIQP HIHNVVI RV
de matiéres organiqueV j OfpFKHOOH GX VLWH HW OHV FDUDFWpPULV\
GX VLWH TXL LQIOXHQ EMQ ¥ rRtpdhEnt &t Yebl iadtidpes/ o@dhjques
RQW OH SOXV GTHIINGWW GOLMKHEWRPRUBRRORJILH D XQ HIIHW
QM. Par ailleurs,dans OfpWXGH GH *LHVZHLQ HW DO TXL FRQF
les bassins montagneux en Allemagne, 12 stresseurs avec 3 groupes de stresseurs
ont été étudies OTRFFXSDWLRQ GX VRO ULSDULHQQH HWMD TXDC
O 1 Hhi@déinént en nutriments. Dans cette étude, 21 métriques biologiques ont été
FDOFXOpHV SRXU GLIIpPUHQWY JURXSHV GTRUJDQLVPHV
EHQWKLTXHYV HW OHV PDFURSK\WHY DTXDWLEOHVHQD\GPLW
le stresseur le plus dominant sur la faune. Dahm et al. (2013) concluent dans le méme
sens, pour les effets de quatre stresseurs hydromorphologique, physico-chimique,
occupation du sol des corridors et du bassin sur les communautés, étudiés pour 2302
sites en Allemagne et en Autriche.

Parmi ces études pressions-impacts, plusieurs se sont intéressées a des
aspects plus fonctionnels en travaillant sur les effets des pressions sur les traits. Par
H[HPSOH VLWHVY RQW pWp FKRLVLV SRXU pWKdarlésU OTLQI
WUDLWYV GHV FRPPXQDXWpV PDFUREHQWKLTXHV XUWHAKDLPE
méme zone biogéographique, les communautés avaient les mémes profils bio-
écologiques.

Les pressions peuvent interagir et produire des effets écologiques (Segurado et
al. 2018, Spears et al. 2021) souvent non considérés dans les modeles et donc non
guantifiés (Lemm and Feld 2017, Piliere et al. 2014, Segurado et al. 2018). Il existe
des études expérimentales TXL WHQWHQW GIDQDO\WVHU OHV HIIHWV F
Matthaei et al. (2010) montrent un effet prépondérant des sédiments notamment a plus
faible débit dans des canaux artificiels ou étaient combinés les sédiments,
OfYHQULFKLVVHPHQW HQ QXWULPHQWY HW OH DNMRXW G B D0
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variatioQ GH OD WHPSpUDWXUH GH OTHDX DX PrPHMWWHHWGT KHS |
GHX[ LQWHUDFWLRQV VH SURGXLVHQW H QteripdfatGa&QH SD U\
Gfitre part, les nutriments et la température.

&HWWH SUpVHQWDWLRQ G 1 Hdrid-ripaztd, \étu@ifirg WsXeBdtsV SUH V'V
GHV SUHVVLRQV VXU OfYpWDW GHV FRPPXQDXWpV HW OH
recherches dans ce domaine ne font pas encore une part suffisante de la pression
FKLPLTXH &RPPH QRXV OYDYRQV YX Gibfds, &GHa&meWXGHV
« pollution » est majoritairement associé a la pollution par les nutriments. La
VWDELOLVDWLRQ HW OfHQULFKLVVHPHQW GHV UpVHDX[ GH
des données ouvrent la voie a des explorations plus poussées des relations entre la
FRQWDPLQDWLRQ FKLPLTXH HW OfpWDW pFRORJLTXH

34. 5 DSSURFKHPHQW HQWUH OfpFRORJLH HW OfYfpFRWRI[LFROI
/IHV GLVFLSOLQHYV eGla toRidpioBi& €oRtJdidtinctes mais on note
actuellement une mobilisation simultanée de certains de leurs concepts et
PPWKRGRORJLHV /IpFRORJLH VH IRFDOLVH VXU OHV LQW
abondances des organismes, le fonctionnement des populations biologiques et des
communautés, et les processus environnementaux qui peuvent affecter ces
paramétres (Chapman 2002). La toxicologie se focalise sur les tests de toxicité
appliqués sur des espéces précises SRXU pYDOXHU OfHIIHW SRWHQWLHO
5HO\HD DQG +RYHUPDQ /IHV GRPDLQHYV GH OfpFRORJLFE
comme des disciplines séparées avec une culture et des outils distincts. Néanmoins,
O 1p FRW R [ gur s @Balideldur les effets des substances sur les écosystemes, est
restée plus proche des concepts de la toxicologie (Chapman 2002) a base
GYH[SPULHQFHV G 9DQtoi3\ dosss- UPpH\R QWHEOD HW GYHVWLPDW
FRQFHQW UDW MArQSiragldht2008) W V
Actuellement, certains outils écotoxicologiques prennent en compte de plus en
plus GH SULQFLSHV LVVXV GH OYpFRORJLH 3DU H[HPSOH Ot
écologiques de substances en laboratoire en fonction des doses (Brooks et al. 2020,
Van Straalen 2003). Mais les bioessais de toxicité ne sont pas suffisants pour estimer
la toxicité engendrée par une substance dans le milieu (Brihl and Zaller 2019). Or, les
effets des substances sur la biologie peuvent différer en fonction du contexte
HQYLURQQHPHQWDO HW GHSORRNERQYVHBREY GIHWWRRQW LGIRFF

facteurs physico-chimiques, conditions hydromorphologiques, etc.) (Cairns Jr and
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Niederlehner 1996, Clements et al. 2016, Peace et al. 2021, Relyea and Hoverman

2006). 3RXU SURJUHVVHU LO D pWp UHFR PpelDtGpar Ggoy XGLHU
a OTHIIHW GIDXWUHV VWUHVVHXUWXan $t2agevi RM3D GGenib UD L Q
comptedela GLYHUVLWp GHV pFRV\VWqPHV 3RVWKXPD HW DO
écologiques de la pression chimique (Beketov and Liess 2012). Dans un contexte de
UDSSURFKHPHQW GHV FRQFHSWV HW GHV RXWLOV GH O
contamination chimique est de plus en plus considérée actuellement dans les études
pressions-LPSDFWV /D '&( H[LJH OYfpYDOXDWLRQ GH OD SUHV\
écologique de facon séparée, il est donc de plus en plus recommandé G{pWXGLHU OL
relation entre eux dans un contexte de multiples pressions (Figure 1.7 issue de (EEA

and Whalley 2018)). Par contre, un des freins majeurs reste la complexité de

représentation des systémes écologiques (Van Straalen 2003).

Figure 1.7 3ULQFLSH GIpYDOXDWLRQ GX VWDWXW FKLPLTXH F
FDGUH VXBQ® ERMWotmental Quality standard); RBSPs (river basin-specific
SROOXWDQWY )LIJXUH LVVXH GY(($ DQG :KDOOH\

3.5. Quantification des liens entre la pression chimique et la biologie

Les modalités de traits ont été associées a la contamination chimique
potentiellement toxique (Archaimbault et al. 2010, Baird and Van den Brink 2007). Par,
exemple 22 traits biologiques et écologiques de communautés de macroinvertébrés
ont été liés a la pollution toxique (mélange de métaux, HAPs et PCBs) des sédiments
GH FRXUV GIHDX $UFKDLPEDXOW HW DOPpWD X[OHM LG/MAM
HAPs dans les sédiments sur des traits comme la dispersion, la reproduction, la
UHVSLUDWLRQ HW OH PRGH G{DOL Patt@ e/ Y/ de'lH SOXV (
variabilité dans la sensibilité aux toxiques a été expliquée par des traits de quatre
especes (Baird and Van den Brink 2007).
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1RXV FLWRQV LFL TXHOTXHV H[HPSOHV GYpWXGHV TXL
contamination chimique sur la biologie dans un contexte multi-pressions. Un ouitil
GfpYDOXDWLRQ GHV ULVTXHV GH PXOWLSOHV SUHVVLRQV
TXDOLWp GH OfHDX LQFOXDQW OHV PLFURSROOXDQWYV GDQ
été développé sur des combinaisons de traits de macroinvertébrés benthiques a large
échelle spatiale (1724 échantillons de rivieres francaises) (Mondy and Usseglio-
SRODWHUD 'DQV FHWWH pWXGH O9YDJULRFXW VAXUGIHL Q W)t
GYHIIHWV VXU OD TXDOLWp GH OfHDX HW OHV FRGQGOKXKWLRQ
de multi-pressions, les pesticides mesurés par des échantillonneurs passifs « Polar
Organic Chemical Integrative Samplers » (POCIS) ont été liés a des indices multi-
métrique chez le poisson, les invertébrés et les algues pour 100 sites (Schmidt et al.
2019). Les stresseurs les plus impactants étaient différents selon les communauteés.
/I TNDSSOLFDELOLWpP GH O1TL Q G ledicidNItheclds ptFRSIOAR elstickies),6 3 ($ 5
mesurant la sensibilité de la biocénose aux pesticides, a été investiguée en relation
avec la toxicité des pesticides sous des conditions hydromorphologiques différentes
GH SHWLWV FRXUV GTHDX HQ $OOHPDJQH HWEHWFWWXDO
hydromorphologiques étaient plus importants que ceux de la toxicité des pesticides.
8QH FRUUpODWLRQ H[LVWDLW HQWUH OHV SHVWLFGBHYV GD
la biocénose. Enfin, les relations pressions-LP SDFWV SR X WationfedixXpoliutiers K L V
RUJDQLTXH OIXDGRRWOFKIRBRILH HW GHVY DVSHFWV GH OD T
les métaux lourds et la pollution en PCBs) ont déja été étudiées (Birk et al. 2012). Les
SUHVVLRQV GRPLOQDQWHYV YDULDLHQW VHORQ OHV JURXSHYV

4. Objectifs de la thése
A notre FRQQDLVVDQFH DXFXQH pWXGH QYD HQFRUH LC
chimique biodisponible et la toxicité chimique mesurée via la biosurveillance active
dans une démarche pressions-impacts a grande échelle spatiale. En prenant en
charge ce guestionnement, nous nous sommes alors fixés deux buts principaux :
(1) Etudier les liens entre les pressions et la contamination chimique biodisponible.
/I TREMHFWLI D pWp GH FRQVWUXLUH XQ FDGUH VXRIX QDI XD C
contamination biodisponible des milieux. Dans un premier temps, en considérant les
niveaux de contamination en métaux dans les gammares encagés. Puis dans un
second temps, pour les contaminants dits organiques persistants, les HAPs et PCBs.

(2) Evaluer les impacts de la toxicité chimique sur les réponses des communautés de
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macroinvertébrés benthiques dans un contexte multi-pressions. Pour ceci, le premier
REMHFWLI D pWp GIpWXGLHU HW GH TXDOLILHUVXUKBXVR[L
WDX[ GH PRUWDOLWpP HW @alikehtabiok ch8les@mriaras/¢énRaQéG H O |
PRGXOHQW OHV UHODWLRQV VWUXFWXUDQWHV HW FRQQ
écologique des communautés de macroinvertébrés benthiques. Dans un second

temps, nous avons étudié le role de la toxicité chimique sur le fonctionnement (traits

biologiques) des communautés de macroinvertébrés benthiques dans un contexte

multi-pressions.

Ce manuscrit est structuré autour G 1 D U Wublie©adti ¥n Sours de préparation.
/IH FKDSLWUH , SUpVHQWH O 1 pW DévedteEettt eFddjecis.d ekpos® UD Y D X |
les moyens pour la surveillance de la pression chimique en écotoxicologie et plus
particulierement les mesures par biosurveillance active, ensuite les évaluations des
pressions, les liens entre les pressions et les métriques de réponses des
communautés en écologie et enfin le rapprochement entre écologie et écotoxicologie.
A la fin du chapitre I, les objectifs de la thése sont énoncés. Le chapitre Il présente les
caractéristiques des jeux de données utilisés (biosurveillance active, pressions et
données biologiques), les principes des méthodes statistiques adoptées et la
démarche méthodologique des travaux de thése. Le chapitre Il présente dans une
SUHPLgUH SDUWLH OHV WUDYDX[ HW OH V¥ ldd préssiong/éd WV V XU
OD FRQWDPLQDWLRQ ELRGLVSRQLEOH HQ PpWHREMBDUG fX]
article publié dans Science of the Total Environment. Une seconde partie,
correspondant & un papier valorisé dans Water Research, présente les travaux menés
autour de la contamination organique, avec les HAPs et les PCBs. Le chapitre IV se
focalise sur le deuxieme but de la théese « OfpYDOXDWLRQ GH OfLPSDFW
chimique sur les communautés de macroinvertébrés benthiques dans un contexte
multi-pressions @ /D SUHPLqUH SDUWLH GH FH FKDSLWUH FRQFH
WRI[LFLWp FKLPLTXH VXU OfpWDW JpQpUDO GHV FRPIFFXQDXW
dans un contexte mult-SUHVVLRQV &HWWH SDUWLH HVW UpGLJpH V
scientifique a soumettre et a été complétée par une étude du rdle individuel des
SUHVVLRQV LQFOXDQW OD MR [a deurigmerpaiti® préséhte 188X U O,
associations entre la toxicité chimique, les stresseurs et les modalités de traits

biologiques des communautés de macroinvertébrés benthiques. Le chapitre V
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présente une discussion générale des travaux de théeses. Finalement, nous

récapitulons les sorties principales de la thése dans la conclusion.
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1. Données utilisées

Pour lier les pressions anthropiques a la contamination chimique biodisponible
et pour lier les pressions anthropiques incluant la toxicité chimique a la réponse des
communautés, nous nous sommes appuyés sur des données et des méthodes
SHUPHWWDQW GIDWWHLQGUH FHV REMHFWLIV &H WUDY|I
thématiques de suivi de la qualité des eaux de surface au niveau national selon la DCE
qui sont issues de plusieurs bases de données (les données de contamination
chimigue biodisponible et de toxicité chimique, les données de pressions multiples et

les données biologiques) qui seront décrites ci-dessous.

1.1. Principe du protocole de biosurveillance active et, données associées de

contamination chimique biodisponible et de toxicité chimique

/IHV PDQLSXODWLRQV GYHQFDJHPHQWYV GH QD PWPKJWVHY R
le principe de ces manipulations est détaillé brievement ici. Les gammares
« Gammarus fossarum 2 VRQW SUpOHYpV GTXQH SRSXODWLRQ VRX
contaminé. lls sont ensuite acclimatés au laboratoire. Seuls les méales de méme taille
ont été encagés dans le milieu et donc les gammares sont considérés comme des
sondes biologiques calibrées et ne sont pas représentatifs de la réponse biologique.
Nous nous intéressons a deux meétriques de contamination biodisponible (1) la
bioconcentration en métaux et, (2) la bioconcentration en polluants organiques
persistants (HAPs et PCBs) et deux métriques de toxicité chimique (1) le taux de
PRUWDOLWpP WR[LFLWp FKLPLTXH OpWDOH HW LFAMMWDX]
chimique sublétale). Tel que ces métriques sont mesurées directement dans le biote
sur le terrain. Pour les mesures de bioconcentration métallique, la toxicité chimique
létale et la toxicité chimi TXH VXEOpWDOH QGQOHWRVUWLRQD VWp GTXQEH
HW OHV JDPPDUHV pWDLHQW VXSSOpPHQWpPV HQ IFKNVNOOHV
expériences figurent dans (Alric et al. 2019, Besse et al. 2013, Ciliberti et al. 2017).
3RXU OHV PHVXUHVY GH ELRFRQFHQWUDWLRQ RHWBDRQQHXH O
HW OHV JDPPDUHV pWDLHQW DOLPHQWpPW GHVHGLWOHOVVDE
encagements pour les polluants organiques figurent dans la norme AFNOR (2019).
$sSUqV XQH H[SRVLWLRQ GYXQH VHPDLQH HW GH WURLV VHP

majorité des micropolluants varient peu. Et les jeux de données de bioconcentrations
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ont été abordés par la suite indépendamment dans deux parties différentes.
/I THQVHPEOH GHV H[SRVLWLRQV D HX OLHX SHWGIDPHW GHDE
FUXHV 4XDQG OHV WDX[ GTR[\JgQH pWDLHQWP BpIUDOM¥VU HO D
PWDLHQW IRUWHYVY SRXU OYDSSOLFD&VteR @eshitlds ODEtEL RV XU Y |
éliminées. Les métaux, les HAPs et les PCBs ont été dosés par spectrométrie. Les
PHVXUHV GH WR[LFLWp OpWDOH VRQW FRPSWpHV X&UqV OT!I
forme de pourcentage par cage pour chaque échantillonnage. Les mesures de toxicité
sublétale sont calculées suivant la méthode de Coulaud et al. (2011). Les nombres de
données de contamination chimique biodisponible et de toxicité chimique signalés par
la suite sont ceux pour lesquels des mesures des pressions et des métriques
biologi TXHVY VRQW pJDOHPHQW GLVSRQLEOHV 'RQF WRXW VLW
mesure a été éliminé des analyses faites par la suite. Il existe des sites communs entre
les sites mesurant la contamination biodisponible métallique, organique et la toxicité
FKLPLTXH PDLV FHV MHX[ GH GRQQpHV QiTROW 5DV ®PWp VFI

séparement.

Le jeu de données de la contamination chimique biodisponible a été construit
avec la bioconcentration de huit métaux (argent, plomb, zinc, nickel, mercure,
cadmium, chrome et cuivre). Nous avons voulu étudier une contamination métallique
générale et ne nous sommes pas focalisé sur un type de métal spécifique. Il est
constitué de 196 échantillonnages de 2009 a 2016. Le jeu de données contenait
également OHV ELRFRQFHQWUDWLRQV GH OfXUDQLXP OH ERUH
ont été éliminés comme ils étaient moins mesurés que les autres substances et

pénalisaient le nombre de données.

Le jeu de données de la contamination biodisponible pour 11 HAPs
(Anthracéne, Benzo (b+j) Fluoranthéne, Benzo (k) Fluoranthéne, Benzo (g,h,i)
Pérylene, Benzo (a) Pyréne, Chrysene, Fluoranthéne, Fluorene, Naphtaléne,
Phénanthréne et Pyréne) et 17 PCBs (PCB 28, PCB 52, PCB 77, PCB 101, PCB 105,
PCB 114, PCB 118, PCB 123, PCB 126, PCB 138, PCB 149, PCB 153, PCB 156, PCB
157, PCB 167, PCB 170 et PCB 180) est constitué de 245 sites de 2017 a 2019. Les
limites de quantification pour chaque substance organique ont été déterminées et les
plus conservatives ont été adoptées. Les mesures sous la limite de quantification ont

été remplacées par la valeur de la limite de quantification divisée par 2. Pour un méme
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site, nous avons choisi de prendre la valeur maximum parmi les difféerentes mesures
GIXQH PrPH VXEVWDQFH

Le jeu de données pour la toxicité létale a été constitué de 222 mesures de
2009 a 2010 et de 2012 a 2018. Le jeu de données pour la toxicité sublétale a été
constitué de 101 mesures de 2015 a 2017. Chacun de ces deux jeux de données
résulte de la compilation de plusieurs FDPSDJQHYV GYpFKDQWLOORQQDJH
regroupées dans deux jeux de données respectifs. Ces deux jeux de données (toxicité
FKLPLTXH OpWDOH HW WR[LFLWp FKLPLTXH VXEOMMWWD GH Q'

perdre des données.

Le jeu de données combinant la toxicité chimique létale et la toxicité chimique
sublétale a été constitué de 152 échantillonnages de 2015 a 2018. Cette compilation
a été possible ici puisque la métrique biologique choisie incluait plus de sites communs
avec la biosurveillance active. Les caractéristiques des jeux de données finaux de

biosurveillance active sont présentées (Tableau 11.1).

Ces données de contamination chimique biodisponible et de toxicité chimique
sont issues du réseau de surveillance national en France Métropolitaine (Naiades) et
couvrent une diversité de paysages suivant des répartitions dans différentes
hydroécorégions (zones du territoire francais homogeénes en climat, géologie et relief)
:DVVRQ HW DO GH GLIIpUHQWHY WDLY®Q HM G HFRW L
LQWpUHVVDQW GHV PpWW@WLTXHYV GIfpFRWR[LFRORJ

Tableau 11.1: Récapitulatif du nombre des données de biosurveillance active et des
DQQpHV GIpWXGHYV

Métriques principales Nombre de données Années de mesures
du jeu de données

Contamination métallique | 196 échantillonnages De 2009 a 2016
biodisponible

Contamination organique | 245 sites De 2017 a 2019
biodisponible

Toxicité chimique létale 222 mesures De 2009 a 2010 ;

De 2012 & 2018
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Toxicité chimique 101 échantillonnages De 2015 a 2017
sublétale

Toxicité chimique létale 152 échantillonnages De 2015 a 2018
et sublétale

1.2. Données des stresseurs a multi-échelles

Chague mesure de biosurveillance active a été associée a des mesures de
pressions (FKDTXH SUHVVLRQ HVW FRQVWLWXpH GIXQ&HQVHPEC
des échelles appropriées. Toutes les projections sont en Lambert 93-Référentiel
Géodésique de la France (RGF) au niveau national. Le bassin versant de chaque site
a été deélimité par un modele numérique de terrain. Les trongcons (section du cours
GTHD X D YdamacterldtMues homogénes hydrographiques) ont déja été délimités
dans le projet SYRAH-CE (SYVWgPH 5HODWLRQQHO G$XGLW GH Of+\
FRXUV GTHDX ,UVWHD 21(0% 9DOHWWH Hsdtid3 Gux /HV
troncons de SYRAH-CE les plus proches par jointure spatiale. La distance entre le site
et le troncon a été calculée. Quand la distance excédait 100 m nous avions Vérifié que
OH FRXUV GYHDX UHODWLI DX VLWH pWddgow Lé&sHolkesPH TXH
GILQIOehrQdhHdu VLWH RQW pWp FRQVWUXLWHY GIDERUG HC
WDPSRQV GX UD\RQ UHTXLV NP N P INPDBW O INRWHQV X
de la zone tampon avec le bassin versant. Nous avions choisi différents rayons pour
évaluer les pressions dans des surfaces plus ou moins grandes. Un exemple des
échelles prises en compte pour étudier les pressions sur la contamination

biodisponible en polluants organiques persistants est représenté sur la Figure 11.1.

78



CHAPITRE Il : DONNEES ET METHODES

Légende

* Site de mesure

Troncon du site

Cours d'eau

E Rayon Skm
I:] Rayon 10 km
B Rayon 20 km
:I Bassin versant

Figure 11.1: Les différentes échelles adoptées (site, trongon, rayons en amont du site
et bassin versant) pour suivre les pressions anthropiques agissant sur la contamination
biodisponible organique.

/IHV GRQQpHVY GH OTRFFXSDWLR@inéand BR@eMBLEWENLVV XHV
2012 +R FLaR DQG 7RPDV]HZVND HW HQ 'BY LGH V Vi
données de biosurveillance active analysées. Cette couche représente les
occupations du sol nationales intégratrices de pressions anthropiques. Pour le bassin
YHUVDQW GH FKDTXH VLWH OHV VXUIDFHV GXVR@®PW W\S
additionnées et le pourcentage de la surface de chaque occupation du sol a été
calculé. ParexemSOH OD VXUIDFH GH OYRFFXSDWLRQ GX VRO XL
transformée en pourcentage de surface totale urbaine pour chaque site. La présence
de certaines sources de contamination a aussi été calculée via: les industries actuelles
et les décharges actuelles. Le nombre de certaines sources a aussi été calculé pour :
les routes et les industries. Le nombre a été calculé en se basant sur la fréquence de
SRLQWY GH OD PpWULTXH GTLQWpUrw G Di§resBduizdsXaH pFKHO
aussi été prise en compte pour les industries. Nous avons également divisé les
occupations du sol en quatre catégories comme signalé dans Wasson et al. (2005).
&HV TXDWUH FDWpJRULHV VRQW OYDUWLILFLDOLVDWLRQ C
et, les foréts et milieux naturels. Ensuite, le pourcentage de surface de chacune de

ces guatre catégories a été calculé pour chaque site.

Parmi les sources de contaminants nous avons aussi choisi : la densité de
SRSXODWLRQ LVVXH GT%$'0,1 (;35(66 ,ptEsence, lebanpréletTXH OD
OD WDLOOH GHVY VWDWLRQV GY{pSXUDWLRQ REWHQXHV GH 6
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Des facteurs environnementaux ont également été choisis comme ils peuvent
SRWHQWLHOOHPHQW LQIOXHQFHU VXU OH WUDQYONUW H
incluent les métriques suivantes : le pourcentage de particules larges et la perméabilité
GH OD UREKdde#& SolDOatabase & soil properties (EC/ESBN 2004), la surface
du bassin versant de BD TOPO ® (IGN 2020), la densité du réseau hydrographique
de BD CARTHAGE ® (IGN 2017) et, la précipitation estivale moyenne de SAFRAN
reanalysis (Quintana-Segui et al. 2008, Vidal et al. 2010).

/[HV GRQQpHYVY GHV ULVTXHV GIDOWpUDWLRQV K\GURPR
indicateurs développés pour le projet SYRAH-CE (Irstea/ONEMA 2017, Valette et al.
2012). Elles ont été choisies comme elles peuvent avoir un effet sur le stockage et le
GpVWRFNDJH GH VpGLPHQWYV TXL VIDGVRUEHQW\WM[IHRWQ/W D
déléteres sur les communautés. Les indicateurs hydromorphologig XHV j OTfpFKHOOH «
bassin versantontét¢é OH UDWLR GYLUULJDWLRQ HW OH UDWLR GH
GHV VROV ORQWLHU HW DO /IHV LQGLFDWHDOH &KXGUF
trongon ont été : le taux de végétation a 10 m, le taux de végétation a 30 m, le taux
GITRFFXSDWLRQ GX VRO DUWLILFLHO j SURJ[LPRDWAP HKEXWO LONH |
taux de voies de communication dans le lit mineur, le taux de voies de communication
dans le lit majeur, le taux de digues dans le lit mineur, le taux de digues dans le lit
PDMHXU OH WDX[ GH EDUUDJHV HQ DPRQW G DHDW D ® H GMD X H
FRXUV GITHDX GpFRQQHFWpV OH WDX[ GH VRXOP UWIBAY OMD

barrage en relation avec le flux (IGN 2020).

Les données des nutriments et les matieres organiques ainsi que les facteurs
de biodisponibilité sont issues de la base de données nationale francaise de la qualité
GH OYHDX 1DwDGHYV /IHV QXWULPHQWY HW OBWLEDWNqUL
GfHQJHQGUHU XQH HXWURSKLVDWLRQ HWHXQHO PWHKXDVVEH
biodisponibilité ont un réle important sur la disponibilité des contaminants pour le biote.
/HV YDULDEOHV UHWHQXHaonhtj GDTHd FSkH GDDH GCGOU NWW HSH O THD X
organique dissous OH SKRVSKRUH WRWDO OH QLWULWH OH QL
dissous, la DBOs (demande biochimique en oxygene sur cing jours) et les matieres en
suspension. Ces mesures sont des moyennes sur 11 mois avant la mesure de
biosurveillance active et 1 mois aprés pour chague site. Nous avons fait le choix de
FDOFXOHU GHV PR\HQQHV SRXU DYRLU GHV PHWHUBWY UHS
OfDQQpH HW QRQ SDV GYXQ pYgQHPHQW SRQFWXHO
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1.3. Données biologiques

Les données biologiques sont considérées ici comme étant soit représentatives
GH OfpWDW GHV FRPPXQ D XAMp¥solt tepréecfitaiyes IdETIandtons) ©
des communautés via les traits biologiques. /H V F R bM4 a@® calculé a partir de la
base de données faunistiques (Naiades) pour chaque site a la date la plus proche de
OD GDWH GH ELRVXUYHLOODQFH DFWLYH MXVTXYj] XQ DQ G
FRPPXQDXWpV GH PDFURLQYHUWPpPEUpPpV SRXYHW FDDUWXHOW G
G H2M$ont détaillés dans Mondy et al. (2012). Un 12M2 proche de 0 est représentatif
GIXQ pWDW pFRORJLTXH ORLQ: SHRFKHI g5 U HHOAM BIMS XK QV,HQ
état écologique proche de la référence. Les 11 traits biologiques (taille maximale,
durée du cycle de vie, nombre de générations par an, stades aquatiques, reproduction,
dispersion, forme de résistance, respiration, mode de locomotion et relation avec le
VXEVWUDW W\SH GH QRXUULWXUH HW PRGSO ALPHQWD!
(2001) ont été sélectionnés pour cette étude. Les affinités des communautés a chaque
modalité de trait ont été calculées au niveau de chaque site, en se basant sur la valeur
GH OfDIILQLWp GH FKDTXH WD[RQ GplLQLHOGDAH FGHHVY\W O B X
VIipWHQGHQW GH SDV G1DIILeQ mddadités peu Bédque@iesihmih®k U W H
que 0, GH OfTHQVHPEOH GHV PRGDOLWpPV RQW pWp VRLW HJ[F
modalités proches. Les affinités pour 48 modalités sont alors obtenues.

1.4. Mise en relation des données par thématique

Les données de biosurveillance active respectives, les pressions et les données
biologiques ont été jointes ensemble selon chaque objectif de la thése. Les
contaminations biodisponibles respectivement métallique et organique ont été liées a
des pressions spécifiques. Les pressions, incluant la toxicité chimique, ont été liées
aux métriques de réponses des communautés. Les détails des choix des variables

figurent dans les prochains chapitres de la thése.
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2. Meéthodes G { D Q DsQ@taVistiques
21. ORGgOH G {1 p3txi@deleR @aftial Least Squares xPath Modeling)

La modélisation par équations structurelles (Structural Equation Modeling
(SEM)) est wune modélisation statistique qui connecte des données
observées/mesurées (variables manifestes) a un modele conceptuel a travers des
variables synthétiques (variables latentes) et lie ces variables entre elles (Grace et al.
2010, Schmidt et al. 2019). La modélisation SEM représente des réseaux de causalité
complexes et permet de tester des hypotheses de liens directs et indirects entre les
facteurs théoriques (Musseau et al. 2015). Elle est souvent utilisée par les biologistes
pour comprendre les impacts des problémes environnementaux sur les organismes

biologiques (Grace et al. 2010).

La modélisation Partial Least Squares +Path Modeling (PLS-PM) fait partie de
la modélisation par équations structurelles (Tenenhaus et al. 2005). Le modéle est
constitué de deux sous-modéles, le modele de mesure ou modéle externe, liant les
variables manifestes a leurs variables latentes par une régression, et le modele
structurel ou interne, liant les variables latentes par une régression. Cette méthode
pYDOXH OHV HIIHWV GLUHFWYVY HW LQGLUHFWW®GID FKRBARH YI

des effets directs et indirects).

'I{DERUG OfHVWLPDWLRQ H[WHUQH GHV YDULDEOHV O
PDQLIHVWHY HVW FDOFXOpH VXLYDQW OfYpTXDWLRQ JHUQ

<m A ZukvkZumim (Equation 1)

/THV W L P evdh&yQe wariable latente j se base sur une combinaison linéaire de
variables manifestes xjn , wjh représente le coefficient liant la combinaison linéaire entre
la variable latente j et les variables manifestes h, [ygont les variables manifestes h
de la variable latente j et, wj et ; \;sont les vecteurs colonnes de wjh et [ keprésentant

FKDFXQ XQH PDWULFH GIfXQH FRORQQH DYHF PXOWLSOHYV p

(QVXLWH OfTHVW L pdesiariilesli@ames & Ealculée a partir de
combinaisons linéaires dHVY DXWUHV YDULDEOHV ODWHQWHV VX

=uf A Len  FeEMWISL (Equation 2)
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=vHVW OfHVWLPDWLRQ LQWH Ui@shtte ueddDsavidbld $UDI& gatth® D W H Q W |

du symbole est obtenue par réduction de la variable sur la droite du symbole, Hgst le
coefficient « path coefficient » (coefficient de régression du modele structurel), < est
OfHVWLPDWLRQ H[WHUngH |G Hes®lcondition & Géliel@eD didible

par i est différente de j et FL M est la non nullité des coefficients. Ces deux étapes

VRQW UpSpWpHV MXVTXYj OD FRQYHUJHQFH BR®RIH VR QIKL

estimeés par des régressions PLS en évitant les problemes de multicolinéarité (Chin,
1998 ; Fernandes, 2012; Tenenhaus et al. 2005). Les détails des algorithmes sont

expliqués dans Tenenhaus et al. (2005) et Vinzi et al. (2010).

Les sorties de la modélisation PLS-PM sont donc les effets directs, indirects et
totaux entre les variables latentes et les coefficients de détermination R2. Le coefficient
de détermination R? permet de décrire la force de la relation décrite (NGges et al. 2016).
Le modeéle est significatif quand le R? est supérieur a 10%, tangent pour des valeurs
entre 5% et 10% et non significatif quand le R? est inférieur a 5% (Croutsche 2002).

Le principe conceptuel de la modélisation PLS-PM est représenté dans la Figure 11.2.
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Figure 12 )LIJXUH UHSUpVHQWDQW OH S-PMaEL®E vaifoe® PRGqO |

latentes constituées de variables manifestes et des effets directs et indirects
représentés par les fleches.

Suite a la modélisation PLS-PM, un jackknife est adopté pour tester la
significativité des coefficients et déterminer un intervalle de confiance relatif a ces
coefficients. Le jackknife est une procédure dite « leave-one-out ».
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2.2. Analyses multivariées (Analyse en Composantes Principales)

/IT$QDO\WH HQ &RPSRVDQWHY 3ULQFLSDOHV $&3 LQWL
1901 est une analyse descriptive des données multivariées (Abdi and Williams 2010).
Elle est appliquée quand plusieurs variables quantitatives dépendantes portant sur les
mémes objets (ici des observations ou des mesures) sont prises en compte. Elle
SHUPHW GTXQH SDUW GH VLPSOLILHU OD VWUXFWQUDWLR (
espace de dimensions réduites, HW G{XQH DXWUH SDUW GH FRQIURQW
celle des projections des corrélations entre variables dans ce méme espace. Cette
méthode permet aprés observation et analyse de la structure des corrélations entre
YDULDEOHV GYfH[WU sUds Blu®ikmporiadsRdd D i [dén@ées sur un
HVSDFH UpGXLW SDU UDSSRUW DX QRPEUH GH YDULDEOHYV
des observations et des variables devient simplifiée avec une représentation avec un
plan. Pour ce faire, la variabilité totale (aussi appelée inertie) du tableau de données
est obtenue de maniere décroissante. Le plus souvent les deux composantes portant
OH SOXV GILQHUWLHV H[SOLTXpHV VRQW FRQVLGpUpHV
composantes principales. Les lignes et lescoORQQHYVY GX WDEOHDX GYfRULJL
SURMHWPpPHYV VXU OHV D[HV SULQFLSDX[ UHWHQXV /H FHUFC
variables en colonne permet alors de représenter ces associations entre les variables
suivant les deux premiers axes de composantes principales. Graphiqguement, les
variables corrélées positivement se regroupent, les variables corrélées négativement
VIRSSRVHQW HW OHV YDULDEOHY RUWKRJRQDWHIVp MR QBQFF
exemple représentatif théorique de ce cercle de corrélatLRQ GH OfTDQDO\VH

composantes principales est représenté dans la Figure 11.3.
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Figure 11.3: Principe de la représentation des variables sur le cercle de corrélation de
OTDQDO\WH HQ FRPSRVDQWHY SULQFLSDOHYV

2.3. Analyse de covariance (ANCOVA)

/I YfDQDO\WVH GH FRYDULDQFH $1&29% FRPELQH OHV DYD
variance (ANOVA) et de la régression linéaire multiple (Philippas 2014, Shieh 2019).
Elle se base sur au moins une variable qualitative indépendante et discréte
(catégorielle) et des variables quantitatives, toutes ayant un effet a évaluer sur une
variable dépendante continue. Elle permet de comparer la relation entre cette variable
dépendante et la ou les covariables quantitatives en fonction de différents niveaux de
OD YDULDEOH TXDOLWDWLYH HIIHW LQWHUBRW§OHYRSR/XBU
UHSUpVHQWHU OD UHODWLRQ GTXQH YDULDEOXDO HWDIWR Q¥ M
caractérisée par deux modalités (Figure 11.4). Il existe un effet du groupe si la pente
HW RX OTRUGRQQpH j OTRULJLQH GH OD UpJURWH RIQWURDPp
les deux groupes. Le premier modele se base sur une régression simple entre Y et X
et, le deuxieme modéle considere OD UpJUHVVLRQ GY< HQ IRQFWLRQ GH ;
GH OYLQWHUDFWLRQ GH ; DYHF OD YDULDEOH OKDN OVLRMDW L
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comparés au niveau de leurs différences G 1R U G R Q Q giHe/ Igur® dififékeéhces de

pentes et de coefficients de détermination R2.
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Figure I1.4: Représentation des différents effets du groupe sur la régression entre Y et
X évalués par une ANCOVA (donnant la difféerence respective de la pente et de
OTRUGRQQpPH j OTRULJLQH

2.4. Analyse de co-inertie

/1D QD O\V HneRitl (EFORA) est une méthode multivariée qui mesure la co-
structure des sites par le couplage de deux tableaux respectifs et de maniere
symeétrique (Dolédec and Chessel 1994, Dray et al. 2003). Cette méthode peut méme
VIpWHQGUH j SOXV GH GHX[ WDEOHDX[ HW KV VEDGLNSMOpHHY B
La COIA se base sur des données quantitatives, qualitatives ou des variables suivant
le codage flou (valeurs entre 0 et 1) et elle est implémentée dans le package « ade4 »
GDQV OH ORJLFLHO 5 30XV FRQFUgQWHPHQW FY{HVW XQH
données via la somme des variances) double pour les deux tableaux. Comparée a la
corrélation de Pearson qui étudie la relation entre deux variables, la COIA permet
GIpWXGLHU GHV UHODWLRQV HQWUH GHX[ RX SODAHMLHXUYV
QRWDPPHQW OHYV iaidife 2S\striRiQres ceifirhlivad) entre la biologie et les
caractéristigues environnementales. Chaque variable biologique et environnementale

est localisée suivant deux axes factoriels. Les deux axes avec le plus de variance
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cumulative expliquée sont adoptts /HV SURMHFWLRQV GH FKDTXH WDEGO
analysées puis comparées. Quand la co-structure des sites dans les espaces
environnemental et traits est forte, les deux structures varient simultanément et
inversement quand la co-structure est faible, elles varient indépendamment voire
méme ne varient pas. La Figure I1.5 issue de Dray et al. (2003) résume le principe de
la COIA (projection sur un méme espace de variables environnementales et de

variables en lien avec les espéces pour identifier les associations).

! Species Env. variables b

Sites
Sites

Y X

Species hyperspace Environmental hyperspace

Environmental
co-inertia axis

Species co-inertia

Species

co-inertia axis N
Square
correlation
B o o
o b
Q i
g L N
= sl
3 P Environmental
co-inertia axis
+«———p
Variance of X
Y

Figure 11.5: Représentation du principe de la COIA, avec les deux tableaux X et Y
induisant deux représentations des sites dans les hyperespaces, F1 représente un axe
IDFWRULHO GfDSUqgV 'UD\ HW DO

3. Démarche adoptée

Nous avons choisi des pressions pouvant influencer a différentes échelles sur
la contamination biodisponible métallique. En se basant surles DYLV GTH[SHUWYV H!
littérature,  HV SUHVVLRQV FKRLVLHV pWDLHQW OTRFFXSDWLR
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GX EDVVLQ YHUVDQW OD GHQVLWp GHV LQGHKWWAHWYV |
JRQHV GITLQIOXHQFH HQ DRMig\WesEGOWLWRYV G0 BMHEQH
GHV ]JRQHV GILQIOXHQFH HQ DPRQW GX VLWH PHQWHV SU
K\GURPRUSKRORJLTXH j OfpFKHOOH GX WURQWRQORQ GV UL
OHV IDFWHXUV GH ELRGLVSRQLEEQU¥muUs &dns EhoI0edH GX W I
stresseurs pour représenter ces pressions. Enfin, nous avons conceptualisé les liens

entre les pressions et quantifié les effets par une modélisation par équations

structurelles. Les « cross-loadings » entre les variables manifestes et les variables

latentes ont été obtenus. Les coefficients de détermination de chaque pression ainsi

que les effets directs, indirects et totaux ont été calculés. La stratégie de travail de ce

premier objectif est présentée dans la Figure I1.6.

Ensuite, nous avons étudié les associations entre les HAPs et les PCBs suivant
une ACP. Les pressions pouvant influencer sur la contamination biodisponible
organique ont été diviséesenquatrH FDWpJRULHV OHV VRXUFHV GLIIX\
EDVVLQ YHUVDQW OHV VRXUFHYV SRQFWXHOOMRRIQO p FKF
GX VLWH OHV IDFWHXUV HQYLURQQHBPNQQWX[ j OHYF KIHRON
K\GURPRUSKR O Rchellexdd Yoncod ®t, (5) les nutriments et les matiéres
RUJDQLTXHV j OfpFKHOOH GX VLWH 1RXV D-PRQNMr FRQVWL
guantifier les liens entre les pressions anthropiques et respectivement la contamination
biodisponible en HAPs et PCBs. Les « cross-loadings » entre les variables manifestes
et les variables latentes ont été obtenus pour les deux modeéles. Les coefficients de
détermination de chaque pression ainsi que les effets totaux ont été calculés. La

stratégie de travail de ce deuxieme obijectif est présentée dans la Figure 11.7.

3RXU FKDTXH VLWH GH ELRVXUYHLOODQFH DFWLYH Of
par un indice multi-métrigue QMlz pour les communautés de macroinvertébrés. Les
SUHVVLRQV HW OHV VWUHVVHXUV DVVRFLpV Rt RWp GpWI
toxicité chimique (respectivement létale et sublétale) a été déterminée suivant une
régression linéaire. Nous avonV FKRLVL GIDGRSWHU XQH UpJUHVVLRQ
la tendance générale de cette relation. Les relations entre les stresseurs, incluant la
WR[LFLWp FKLPLTXH UHVSHFWLYHPMQW é@ pdéhifiedd perWw V XE O
une analyse en composantes principales. Les effets de respectivement la toxicité
chimique sublétale et de la toxicité chimique |étale ont été déterminés sur les relations
@Q)12M2 VWUHVVHXU G 1K\GUR BRAEBdsse@ Belnutimems et matieres
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organiques suivant GHV UpJUHVVLRQV OLQpDLUHYV /HV GLIIpUHQFH’
j OTRULJLQH HW GH FRHIILFLHQW GH GpW WU® HY DQLLYRIP R[QE!
toxicité chimique (respectivement Iétale et sublétale). Deux modeles PLS-PM ont été
construits pour quantifier les liens entre les pressions (artificialisation, agriculture
intensive, agriculture faible, espaces naturels, altération hydromorphologique,
nutriments et matieres organiques et respectivement la toxicité chimique létale et la
toxicité chimigue sXEOpWD M /MW BFHWY WRWDX[ GH BMdWtSUHVVLF
été quantifiés. La stratégie de travail de ce troisieme objectif est présentée dans la

Figure 11.8.

Les contributions des taxons a chaque modalité de traits biologiques au niveau
de chaque site de biosurveillance active ont été calculées en se basant sur les affinités
des taxons de la communauté a chaque modalité. Les associations entre les pressions
(occupation du sol, altérations hydromorphologiques et nutriments et matiéres
organiques, la toxicité chimique létale et la toxicité chimique sublétale), et les modalités
des traits biologiques des communautés de macroinvertébrés benthiques ont été
identifiées par une analyse de co-inertie. La stratégie de travail de ce quatrieme objectif

est présentée dans la Figure 11.9.

89



CHAPITRE Il : DONNEES ET METHODES

Wl R 2 :
NS

X e N\\R&\Q S R ERE \\\\\\\\\N\\\\\‘\ﬁ\§‘b
DR 3

N

" A\Sssilenesisieosioraisneeienrine sl

~

N

\\
“—\\\\\g\%\@\\\\\\\\\\\\\\x\\m\W\&\@xw\mm\\\\\wwxww\\x\t\\K\\NNQ\%K@Q\*\";c\\&x\\i*
AL RN TR,
R SR T AR & T T GO N L A WSnarsiendaeg
HeferainfndedSweineassiiudisaiwme Tluesresn et e Whiendihbses
sadisreSopsdionaisgrdiniew s Hdnepenamesic CENendintes
R A A S RS AT O RSN L N NENendEn
R R e W SERES R RN

Seaelertrdiene i N e e, g

.

AN

SRR R
N A T T

“@ﬁ%\m@?\\\%x\\xl\&\&%\
TN,

Werhsessiands Shenmgs
\ THEIN SRRy

S
sudeiisrssiidge Urrsrsindsdrn desivrs it snaerionsdnorsisrtnghs
e,

\%\

SsfiedivntesddeNbede, adsedsdidey

m\wm&m%w@&%%m@\\&x\ R
TER RS 8

RN
S LI R S

S NS N N

Figure 11.6: Stratégie de travail pour étudier les liens entre les pressions et la
contamination biodisponible métallique avec les échelles choisies (le bassin versant

HQ EOHX OD J]RQH GTLQIOXHQFH DPRQW GX WMWVB HYLRDH U

vert).

90



CHAPITRE Il : DONNEES ET METHODES

N &@\W&E&m\%~“~»%%\m&%&&@&wﬁw@%w&&\mﬁ\ﬁg&wm>

N

“ AN

HHANTEHERRRINSIEET AR CeRisiindicn s RO AREFEERC
AN TR TR,

ES AT S S SN S N SN SN SRS SRS N
R TE NS TEEREARGT SN T S ST R S RS N TN NNy
S SRS A S SR R AR G S T AR SN S EN ey
RS BRI S IS R RS NS 2N R SRR AN NN
ER I N N R S SRR R ARG S RN ANONNS

a

SRR IR AR SRR RSN MR NS EReReesResshe,
LEDIR CREOE S A IR R, 2,

SEto TreeriinsdiBndssisis st asesions diin asfisrinsinnaedic
B S SN

AR REERGE N SR NSNS TRRSRRe Angs e e, eeluris

N

AN RS NN . e tes ot des,
Aratiee, wefitissivg RN RS RN, SyuERo, =
e, TES SRR Snaee

Figure 1.7 6WUDWpPJLH GH WU De¥ Diedn® efrd 169 opedsisHet la
contamination biodisponible organique avec les échelles choisies (le bassin versant
HQ EOHX OD JRQH GTLQIOXHQFH DPRQW GX WHWMW B H @LMDH HI

vert).

91



CHAPITRE Il : DONNEES ET METHODES

v e e NV . RN e -
N P SENOW NERANE

\W\WN\AW&WQ&W\&N\&\\;X‘&W\Q\K\W\N\?\w\w&

N

2

4

AN

? ‘ b

AN
AN DA \\\&\\B\\Xw\\\i‘\“&\"\\\&%’“&%\ém\ &m@m\&w\w&\\&\ﬁ&\w

\

\\@mmw&\i\“‘\\\,&,\m%m\\%&mmk\&\w&‘\\\N‘\%\ \T\W‘e‘i\w\&%\\&%‘\\\

adesWnuresiocesess\ ANMAARNEREANS NN
EV R B e T O N AW Tntefeiinsechesnd
SefaNadnde W uedcaeea\, THTei oy
R NSEERENGE R NN NN A NN EHERERN
£ TR AT T IS AR AT T R AR TN AN SN
Efsdadibenosaeinesa\stnde s e, i

W‘*&K&%‘\\\\\\\X\\\\\@\@Q\&\Q\%«%b\@k\%\\\&\&\\\%\&&\\%@\K":t%‘\\)i*\\‘\\»*“‘\\\‘&‘% N
N TEON TREMNE O A HCEINIRERER, TN,

Ny
MY R rreesteniehsine Slusm s hsie CRREERNAEANER AR NS R EERRRE
NN S\ IS \
\ Y A
NN NN %&m&‘\\%mﬁ&wmwx\;&%‘%%“‘&\\&%\\\%“\\ o

el e
Hhmcinehes, LER RN

A
AL TSN R EENN SRR NS\
AR Aedivrnestrdeses

WMishsEreeemn aiimeis, doaeibs arapseness
Figure 1.8 6 WUDWpPpJLH GH WUDYDLO GH OfpWXGH GX U{OH Gt&t
ecologique des communautés de macroinvertebrés benthiques avec les échelles
FKRLVLHY OH EDVVLQ YHUVDQW HQ EOHX OPDBQRQGIQLKIC
trongon en rose et le site en vert).

92



CHAPITRE Il : DONNEES ET METHODES

T T T T s, SN

A TR O

N

A RS DO SRR, CRiirnieii, Qs Snaes

>

NSNS

A EE AN N T
N Ssiedenen e e el Sfhae e Soabbitie

\
AN

7

N

4
AN
DN DR GERE R SRR TR, e e SRR MRS NN N
RN T A T AT GG RE N SN

\mewzﬁwzk\\m&w&%%\w\\&aWk;\sa%x\:‘ﬁwws\\\\ﬁx
RN e e M R R R RN AN S i S N O G
Uhitsdsesesdpaesipiaibredienneesinocnieets.
ENNdrersssinaiesip N T TN
niasssisdoadiibescspinmpniaiNatnhe e,

SR P EEROEINERAERINRERRTE, tthrsi e ehsin Ofarmne Wy
B N N N R O

Figure 11.9: Stratégie de travail de I'étude des associations des pressions, incluant la

toxicité chimique, avec les traits biologiques des communautés de macroinvertébrés
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Partie 1 : Liens entre les pressions et la contamination métallique

biodisponible

Synthese du chapitre lll, partie 1

/IHV FRXUV GYHDX VRQW GHV pFRV\VWqPHWMItHRKRPSOH[H
SUHVVLRQV DQWKURSLTXHYVY VXVFHSWLEOHY GYTLPSDFWHU C
réponse a ce constat, les scientifiques ont investigué depuis longtemps les effets de
forces motrices etdespresVLRQV GTRULJLQH D QOKRRRAIXW IEBRRP BX VR
apports en nutriments et les modifications hydromorphologiques. La contamination
chimigue est une pression qui afpas été prise en compte que récemment dans les
approches pressions-impacts, sans doute parce que la quantification de la
contamination chimique présente encore des défis. La mesure de la contamination
GDQV OTHDX HW OH VpGLPHQW UHSRVHQW WWX.Q W HYUSHQND D
OD SRVVLEOH pYROXWLRQ WHPSRUHOOH GH OD HDQMWRML QD'
VXU OfXWLOLVDWLRQ GH FDSWHXUV SDVVLIV TXLWRQW FD
de longues périodes. Cependant, ces trois types de mesures ne prennent pas en
compte la fraction biodisponible du contaminant, potentiellement toxique pour
OTRUJDQLVPH / RBnceE Ip&syiveU &t Hadctve permettent de mesurer la
contamination biodisponible accumulée par les organismes vivants (le biote). La
biosurveillance passive correspond a la contamination chimique des organismes
prélevés du milieu, qui dépend en partie du niveau de contamination du milieu, mais
également de nombreux facteurs biotiques et abiotiques. Ainsi, en terme de pression
chimique des milieux, les mesures obtenues en biosurveillance passive ne sont pas
comparables a large échelle entre sites. La biosurveillance active, sur laquelle nous
QRXV VRPPHV DSSX\pV LFL EDVpH VXU OTXWLOLVDWLRQ G¥Y
contréler les facteurs dits de confusion et ainsi de comparer directement les niveaux

de contamination biodisponible observés entre sites déconnectés.

Dans ce chapitre, nous posons la question suivante : est-il possible de quantifier
les liens entre les pressions anthropiques et la contamination biodisponible ? Pour
ceci, nous avons choisi de nous focaliser sur les données de contamination
biodisponible métallique, issues des programmes de suivi réalisés par les agences de
OfHDX RIIUDQW XQ ODUJH JUDGLHQW GH FRQWDPIHQDWLRQ

Nous avons ainsi pu constituer un jeu de données de 196 échantillons de mesure
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répartis sur toute la France métropolitaine, avec une diversité de contextes

géographiques, climatiques et de reliefs (Figure 111.1.2)

Face a ce jeu de données de contamination métallique, nous avons sélectionné
les pressions qui pouvaient avoir un effet sur celle-ci OTRFFXSDWLRQ GX
DQWKURSLTXH j OfpFKHOOH GX EDVVLQ YHUVPEWOOH GKX G
EDVVLQ YHUVDQW HW GH OD JRQH GYL@hXte® sidtiomBPRQW G
GIpSXUDWIRRKHOOH GH OD ]JRQH GILQIOXHQFH DPRQW GX
IRQFWLRQQHPHQW K\GURPRUSKRORJLTXH GRORRXUV ®MTHD)
ULSLV\OYH j OfpFKHOOH GX WURQORQ HW O H\G KDV MWWHEK U V
Chaque variable de pression a ensuite été construite a partir de stresseurs permettant
de la représenter au mieux. A partir des hypotheses de liens entre ces pressions et la
FROQWDPLQDWLRQ ELRGLVSRQLEOH PpWDOOLTXH V{IDSSX\LC
conceptuel permettant de relier les pressions a la contamination a été construit, puis
implémenté en utilisant une méthode de modélisation par équations structurelles, le

Partial Least Squares +Path Modeling.

/ID FRUUpODWLRQ GH 3HDUVRQ GH FKDTXH VWUBVVHXU
pWp REWHQXH 3DU H[HPSOH OfRFFXSDWRR®W &R UARD PH) I K
les surfaces urbaines (Table I1.1.1). Cette démarche a permis de quantifier les effets
directs, indirects et totaux des pressions sur la contamination biodisponible métallique
(Figure 111.1.3 et Table IIl.1.2) et de valider les hypothéses émises. Les pressions
corrélées positivement avec la contamination biodisponible métallique par ordre
décroissantsont OfJRFFXSDWLRQ GX VRO DQWKURSLTXH OD GHQ)\
GHV VWDWLRQV GYpSXUDWLRQ OHV SUHVVLRQV VXU OH IR
FRXUV étfed facteurs de biodisponibilité. La ripisylve a par contre une corrélation
négative avec la contamination biodisponible métallique. La présente étude a pu
mettre en place une approche pour étudier les liens entre les pressions anthropiques
etlacontamLQDWLRQ ELRGLVSRQLEOH /D GpPDUFKH GH PRGpOL
XQ FDGUH WKpRULTXH SHUWLQHQW HW UHSURGXFWHEOH G
contamination et la contamination biodisponible, prenant en compte le fonctionnement
alargeécKHOOH GT1XQ FRXUi\po@rlatiXnolklisk® ot evaluer les effets
GHV SUHVVLRQV VXU G1DXW Udt\¢chidvigGeHoibdiSpdnibldRedouv dé> L Q D W L

toxicité chimique.
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Highlights
X Active biomonitoring was used to evaluate the contamination of watercourses.
X An expanded dataset of pressures acting on contamination all over France was
used.
X Bioavailable contamination and multipressure links were quantified.
X Anthropogenic land cover and sources of contamination affected metal

contamination.
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Figure IIl.1.1: Graphical abstract on the study of links between pressures and
bioavailable metallic contamination.
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Abstract

Active biomonitoring permits the quantification of biological exposure to chemicals
through measurements of bioavailable concentrations in biota and biological markers
of toxicity in organisms. It enables respective comparison of the levels of contamination
between sites and sampling campaigns. Caged gammarids are recently proposed as
relevant probes for measuring bioavailable contamination in freshwater systems. The
purpose of the present study was to develop a multi-pressure and multiscale approach,
considering metallic contamination levels (from data based on active biomonitoring) as
a response to pressures (combination of individual stressors).These pressures were
anthropogenic land cover, industry density, wastewater treatment plant density,
pressures on stream hydromorphological functioning, riverside vegetation and
bioavailability factors. A dataset combining active biomonitoring and potentially related
pressures was established at the French national scale, with 196 samplings from 2009
to 2016. The links between pressures and metallic contamination were defined and
modelled via structural equation modeling (more specifically partial least squares *
path modeling). The model enabled the understanding of the respective influences of
pressures on metallic bioconcentration in caged sentinel organisms. Beyond validating
the local influence of industries and wastewater treatment plants on metallic
contamination, this model showed a complementary effect of driving forces of
anthropogenic land cover (leading to human activities). It also quantified a significant
influence of pressures on stream hydromorphological functioning, presence of
vegetation and physico-chemical parameters on metal bioconcentration. This
hierarchical multi-pressure approach could serve as a concept on how pressures and
contamination (assessed by active biomonitoring) can be connected. Its future
application will enable better understanding of environmental pressures leading to

contamination in freshwater ecosystems.

Keywords

Multiple stressors; Gammarids; Partial least squares - path modeling; Metallic

contamination; Freshwater ecosystems
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1. Introduction

Aquatic ecosystems are threatened by multiple pressures generated by human
activities (Hering et al., 2015). A pressure results from a driving force and can be
considered as an aggravating factor impacting on the ecosystem according to the
Driver-Pressure-State-Impact-Response scheme (Kristensen, 2004). It is a
combination of individual environmental stressors (measured environmental variables
potentially affecting the biological and ecological integrity of a system) (Feld et al.,
2016). Single pressure studies were often not sufficient to explain the observed
responses of these ecosystems, particularly with occurrence of multiple interconnected
pressures (Rasmussen et al., 2013). Multi-pressure approaches were suggested,
taking into account combined effects (Liess et al., 2016) of cumulative stress (Allan et

al., 2013) and interacting processes (Solimini et al., 2009; Steffen et al., 2015).

Several descriptive and/or explanatory pressure-impact studies were established to
investigate the relationships between pressures and the ecological state of surface
water. Villeneuve et al. (2018) studied for instance the impact of pressures of physico-
chemical and hydromorphological characteristics on freshwater invertebrate
communities for 1200 study sites at different scales of streams in France using
structural equation modeling (SEM). Villeneuve et al. (2015) studied as well the effects
of land use, hydromorphology and physico-chemistry on the ecological state for 1100
sites in France with a partial least squares - regression and conditional inference trees.
Riseng et al. (2011) investigated the causal relationships between agricultural land use
and the ecological state (assessed by biotic integrity) for 266 stream sites in the United
States with SEM. Dahm et al. (2013) focused on the effect of physico-chemistry, land
use and hydromorphology on the ecological state for 2302 sites over Austria and
Germany with Boosted Regression Trees. Thus, many statistical analyses were used
in pressure-impact studies to quantify the effects of pressures on the ecological state
but SEM in particular is a promising tool for evaluating the influence of multiple
pressures on stream macroinvertebrate communities. SEM enables testing the order
and direction of the pathways between processes through quantification of direct and
indirect effects, often not possible with other methods (Riseng et al., 2011). Partial least
squares *path modeling (PLS-PM) is a type of SEM avoiding collinearity between
variables of pressures. Therefore, this method is able to identify and ignore
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guantification of wrong pathways between variables generated by correlations

between them (Tenenhaus et al., 2005).

Multi-pressure approaches started lately to integrate contamination too. The European
MARS project (Managing Aquatic ecosystems and water Resources under multiple
Stress) considered contamination combined with hydromorphology. They used
measurements in water and modelled data for 16 river basins over Europe specific to
2500 sampling sites for physical and chemical parameters (Birk et al., 2018; Grizzetti
et al., 2017; Hering et al., 2015). Rico et al. (2016) compared the effect of habitat
characteristics, hydromorphological alterations and water quality (including
estimations of toxic units) on invertebrate communities. Nevertheless, considering
chemical contamination is often challenging with gaps in monitoring of chemical
contamination (Giakoumis and Voulvoulis, 2018) and instant punctual samples often
below the quantification limits (Brack et al., 2015; Ciliberti et al., 2017). Despite these
challenges, more integrative tools are available to characterize more reliably the
variability of aquatic contamination in the pressure-impact framework. This was
recently illustrated by Schmidt et al. (2019) who developped a SEM to study the links
between agricultural pesticides, dosed in passive samplers, and stream ecological
integrity for 100 stream sites across the United States. Furthermore, because
pressure-impact approaches are ultimately aimed at understanding and predicting
biological impacts, integrative indicators of bioavailable contamination can be used to
guantify potential impacts. The quantity of a substance assimilated by biota represents

substance bioavailability (de Paiva Magalhées et al., 2015).

Active biomonitoring (ABM) quantifies the contamination over time while considering
bioavailability (Andral et al., 2004; Besse et al., 2013). It is based on the exposure of
transplanted organisms (used as a probe), from an uncontaminated source population
to contaminated ecosystems (Andral et al., 2004; De Kock, 1983). The assets of ABM
had been shown for instance by Munz et al. (2018) with concentrations of substances
in gammarids often higher than external water concentrations. More specifically,
invertebrates have the ability to integrate contaminants like metals present in surface
water (Rainbow, 2002). ABM is today routinely applied with gammarids in France in
the context of the Water Framework Directive (WFD) on substance monitoring via biota
(European Commission, 2013). It permits the control of biotic parameters (Besse et al.,

2012) and successfully characterizes bioavailable contamination in different locations
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and timings (Alric et al.,, 2019; Ciliberti et al., 2017). Gammarids are widespread
macroinvertebrates in the Northern hemisphere freshwater (Weiss and Leese, 2016;
Westram et al., 2011). They are sensible and responsive (Wepener, 2013) to a wide
range of metallic and organic contaminants (Chaumot et al., 2015). Their survival in
spite of multiple anthropogenic pressures enables the evaluation of contamination in
their tissues over time and sublethal responses to a wide range of contaminations
(Wepener, 2013).

Metals are important factors of contamination, naturally present in the environment in
the form of geochemical backgrounds but they can be more concentrated with
anthropogenic inputs (Chandesris et al., 2013; Tchounwou et al., 2012; Urien et al.,
2017). These contaminants can persist in the environment and their bioavailability is
highly related to physico-chemical conditions, such as water hardness (Tchounwou et
al., 2012). Anthropogenic land cover (for example, urbanization and agriculture) can
lead to contamination of waterbodies (Hering et al., 2015) by generating emissions of
substances (Kristensen, 2004). The emissions of metals are well known and can be
originated from domestic sources (wastewater treatment plants (WWTPs) still reject
contaminated sewage) and industries (for instance, mining industry) (Gaujous, 1995;
Tchounwou et al., 2012). Lead, silver, zinc, nickel, chromium, mercury, cadmium and
copper are metallic trace elements that can be released from industries and cadmium
and copper in particular are used in agriculture as well (Gaujous, 1995; Tchounwou et
al., 2012; Verma and Dwivedi, 2013). Riverside vegetation can diminish the arrival of
these chemical inputs in streams (Rios and Bailey, 2006). Changes in physical
processes (dynamic functioning of the stream like fluxes of sediment) and configuration
(morphological structure of the stream) generated by anthropogenic pressures or
activities, are known as hydromorphological alteration (Malavoi and Bravard, 2013). It
can be an aggravating pressure, favorable for contaminants circulation. Moreover,
morphological changes are susceptible to induce pressures affecting the functioning
of stream hydromorphology. Physico-chemical factors can influence biota's uptake of
metals, notably by modulating their bioavailability (de Paiva Magalhaes et al., 2015;
Urien et al., 2016). The WFD states the necessity of monitoring metallic trace elements
and in particular, the priority compounds (cadmium, lead, mercury and nickel).
Therefore, national monitoring of metallic trace metals in biota has been required

(European Commission, 2008).
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Here, we aimed to define a statistical modeling framework to quantify the links between
multiple pressures and bioavailable chemical contamination, measured through active
biomonitoring. To do so, we first built a national dataset composed of descriptors of
multiple pressures (anthropogenic land cover, industry density, wastewater treatment
plant density, pressures on stream hydromorphological functioning, riverside
vegetation and bioavailability factors) and bioconcentrated metals (eight metals dosed
in gammarids). This dataset contained information for 196 samplings from the French
monitoring network distributed throughout France. Hypotheses were that all pressures
had positive correlations with metallic contamination, and riverside vegetation had a
negative relationship with metallic contamination. To quantify the hypothesized links,
we implemented an explanatory and descriptive methodology with SEM at multiple
scales. The established approach defined in a hierarchical organization (including the
direct and indirect links), the effects between pressures. Then it quantified the effects
of these pressures on metallic contamination (measured through ABM) at a national
scale. This approach serves as a first basis for future studies on the effect of multiple

pressures (including bioavailable contamination) on ecological state.

2. Material and methods

2.1. ABM data and study area for metallic contamination characterization

In order to link metallic contamination to pressures, the approach was first centralized
on the measurements of metallic concentrations in gammarids. The used dataset for
metallic contamination is described by Alric et al. (2019). Each ABM sample comprised
metallic concentrations in body-size-calibrated male gammarids. The sampling
procedure consisted on the following: first, gammarids from a source population were
caught from an uncontaminated site and acclimated in the laboratory for three weeks.
Then, the caged gammarids were placed in streams with sufficient leaves to avoid
starvation. The exposure to contaminants lasted seven days and was during non-flood
events (Ciliberti et al., 2017 details the experimental protocol). The exposure period
was short compared to the life duration of gammarids but sufficient to quantify
bioavailable contamination. Gammarids were used as an integrative probe able to
measure bioavailable contamination without considering any biological response. After
the exposure, the bioconcentrated metals were measured by dosing the concentration

of eight metals (cadmium, nickel, lead, copper, zinc, silver, mercury and chromium) in
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gammarids (see Alric et al. (2019) for chemical analysis details). Based on the
availability of contamination and pressure data, we gathered 196 samples with
monitored locations across France between 2009 and 2016. These samples are
relative to the French stream monitoring network (previous experiments of the French
regional water agencies and programs performed at the Ecotoxicology laboratory of
INRAE). The samples are representative of the majority of hydroecoregions (73%) in
France (Figure IIl.1.2) and are therefore representative of many possible stream
conditions in the country. The levels of contamination covered various environmental
levels of contamination since the sites are part of the French stream monitoring

network and are representative of the state of each stream.
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Figure I11.1.2: Distribution of sampling sites for metallic contamination (blue dots) in
France for multiple Hydroecoregions (zones delimited by gray lines).

2.2. Pressures and stressors measures for modeling links

Each ABM sample was geographically associated with measures of pressures. We

calculated six pressures (anthropogenic land cover, wastewater treatment plant
density, industry density, riverside vegetation, pressures on stream

hydromorphological functioning and bioavailability factors) based on hypothesized
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effects and subsequent influence on metallic contamination. The choice of measured
stressors representing each pressure and adopted scale was detailed in the
Supplementary material section (Sl.1). The data processing was done with ArcMap
software (ESRI, 2018) and the data source is documented in Supplementary material

section (see (SI.2)).

2.3. Conceptual model to link pressures and metallic contamination

The links between variables were defined based on hypotheses of effects and
supported by literature (see Supplementary material (SI.3) for the details). These
hypotheses stated that the variation of pressures (anthropogenic land cover,
wastewater treatment plant density, industry density, pressures on stream
hydromorphological functioning and bioavailability factors) and contamination was in
the same direction (positive correlation). While riverside vegetation had a negative

relationship with contamination (negative correlation).

The hypotheses state that each one of these factors has an effect on the other,
following the direction defined from pressure 1 to pressure 2 (Supplementary material
(S1.3)). When a pressure 1 contributes positively to metallic contamination, this means
that the greater this pressure, the more important metallic contamination is. The first
negative effect states that the more anthropogenic land cover increases, the less
riverside vegetation there is. The last two negative effects state that when riverside
vegetation increases, bioavailability factors and metallic contamination decrease.
Based on the literature and hypotheses, the conceptual model was obtained, defining
the links.

2.4. Partial least squares +Path modeling of links

Two sub-models compose the complete PLS-PM model: The measurement model
takes into account a regression between unobserved processes called latent variables
and their observed measures called manifest variables; The structural model
represents relationships between processes, with a regression between latent
variables. In multi-pressure modeling, latent variables are pressures and manifest

variables are measures of these pressures (stressors). The modeling is based on

111


https://www.sciencedirect.com/science/article/pii/S0048969720330096?via%3Dihub#bb0095

CHAPITRE Il : LIENS ENTRE PRESSIONS ET CONTAMINATION

several hypotheses of the influence of pressures on each other (Musseau et al., 2015).
In formative mode, each set of manifest variables are constructs of their specific latent
variable and act on it (Fernandes, 2012; Vinzi et al., 2010). These latent variables are
connected to each other by links called paths (Musseau et al., 2015). The details of

calculations in PLS-PM are developed in Supplementary material (SI.4).

2.5. Quantification of links through model outputs

The structural model was fitted from the dataset in order to estimate the intensity of
relationships. The design of the study was based on modeling via SEM and more
specifically through PLS-PM with a formative mode in XLSTAT. Formative modeling
was performed because formative manifest variables must not be mutually
interchangeable. Each latent variable was estimated by its relative group of manifest
variables. The external model was assessed based on the cross-loadings of manifest
variables to their latent variables. Cross-loadings represent the correlation between
manifest variables and latent variables. Each latent variable should have a high
correlation with its measures to be well represented and to verify the convergent
validity. Alternatively, the cross-loadings of manifest variables in their main latent
variable should be higher than cross-loadings in other latent variables. The internal
model was evaluated on the basis of the pertinence of the latent variables. It is
represented by the coefficient of determination R? of endogenous constructs (latent
variables affected by others). This coefficient of determination assesses the regression
of the model and more particularly the variation of responses in the samples. The value
of the coefficient of determination is recommended to be higher than 10% for each
latent variable, in order to have a sufficient explanation of this latent variable by other
latent variables (Croutsche, 2002). Path coefficients were determined for each effect.
Then the direct, indirect and total effects of factors on each other were calculated. The
direct effect corresponds to the path coefficient between two latent variables. The
indirect effect is the product of the different path coefficients on a latent variable via
intermediate latent variables. The total effect is the sum of direct and indirect effects.
A jackknife test was adopted to verify significant regression coefficients (non-nullity of
the coefficients in stable confidence interval) (Tenenhaus et al., 2005). It generates
stable resampling path coefficients with a leave-one-out cross validation and is suitable

for samples with extreme values, enabling fast computations (Efron and Gong, 1983).
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The leave-one-out characteristic enables resampling of observations with one
observation taken off for each resampling (Martens and Martens, 2000). This method
often generates low quantitative relationships between variables, thus the obtained
values must not be analyzed only in terms of strength of the relationship but also for

comparison between links. Only the significant results were considered in this paper.

3. Results

3.1. Links between pressures and stressors

Anthropogenic land cover was correlated with urbanization surface with 0.984, higher
than its correlation with agriculture surface with 0.283 at the watershed scale (Table
[11.1.1). WWTP density correlated the most strongly with the size of WWTPs at 3 km
with a correlation of 0.900. Other measures correlated less to this pressure. Industry
density is correlated the most with the number of industries at 10 km with 0.906.
Number of mining, size of mining and sum of tonnage at the watershed scale had each
a negligible correlation with industry density. Riverside vegetation was well correlated
with both vegetation rate at 10 m (0.995) and at 30 m (0.917). Pressures on stream
hydromorphological functioning is correlated the most with straightening rate at the
reach scale (0.847). Bioavailability factors had the highest cross-loading with water
hardness with a value of 0.999 followed by pH with a value of 0.311. Metallic
contamination was correlated the most to bioconcentration of lead with a cross-loading
of 0.787 followed by zinc with a value of 0.444. This representation of cross-loadings
is partially verified since each latent variable is explained the most by one of its
represented manifest variables. This measurement model showed a moderate fit and
the variables provided a reasonable basis for the analysis of the model. In addition, the
correlation between manifest variables of different latent variables were obtained. For
example, anthropogenic land cover and the size of industries at 10 km had a
correlation of 0.406. Metallic contamination had also cross-loading values with other
measures than its specific measures. For all these measures except for the ones of
riverside vegetation, most of the metals were positively correlated with these
measures. For instance, urbanization surface at the watershed scale was positively
correlated with metallic contamination (0.480). While, the relationship between metallic

contamination and riverside vegetation was represented mostly by negative
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correlations. Each metal was correlated with the respective pressures. For example,

lead was positively correlated with anthropogenic land cover with a value of 0.381.
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Table 1ll.1.1: Cross-loadings (Pearson correlation) between measures (manifest variables in column 1 with scales between brackets)
and their relative pressures (latent variables in column 2 to 8). Bold values represent the cross-loadings of specific manifest variable
to their latent variable. WWTPs stands for wastewater treatment plants and DOC stands for dissolved organic carbon.

Manifest Variables Anthropogenic WWTP Industry Riverside Pressures on stream Bioavailability Metallic
Land Cover Density Density Vegetation hydromorphological  factors o
functioning Contamination
Urbanization Surface (watershed) 0.984 0.467 0.623 -0.414 0.476 0.352 0.480
Agriculture Surface (watershed) 0.283 -0.001 0.005 -0.166 0.028 0.522 0.088
Number of WWTPs (at 3km) 0.142 0.446 0.135 -0.102 0.014 0.105 0.172
Number of WWTPs (at 10km) 0.024 0.036 0.101 0.056 -0.123 -0.046 0.057
Size of WWTPs (at 3km) 0.358 0.745 0.407 -0.240 0.249 0.073 0.270
Size of WWTPs (at 10km) 0.428 0.900 0.573 -0.176 0.226 0.092 0.326
Number of industries (at 3km) 0.431 0.325 0.736 -0.275 0.248 0.089 0.381
Number of industries (at 10 km) 0.566 0.553  0.906 -0.257 0.302 0.086 0.457
Size of industries (at 3km) 0.394 0.395 0.720 -0.229 0.226 0.072 0.415
Size of industries (at 10km) 0.406 0.554  0.605 -0.131 0.245 0.080 0.254
Number of mining (watershed) -0.018 0.010 -0.039 -0.169 0.130 -0.047 0.017
Size of mining (watershed) -0.019 0.032 -0.032 -0.171 0.121 -0.048 0.028
Sum of tonnage (watershed) -0.043 -0.075 -0.137 -0.161 0.078 -0.082 -0.042

115




CHAPITRE Il : LIENS ENTRE PRESSIONS ET CONTAMINATION

Vegetation rate at 10m (reach) -0.430 -0.240 -0.243 0.995 -0.368 -0.245 -0.246
Vegetation rate at 30m (reach) -0.381 -0.203 -0.135 0.917 -0.288 -0.291 -0.177
Roads and railways rate (reach) 0.038 0.067 0.116 -0.106 0.100 -0.027 0.083
Upstream dams rate (reach) 0.037 0.006 0.004 -0.038 0.019 -0.018 -0.002
Straightening rate (reach) 0.381 0.253 0.263 -0.313 0.847 0.169 0.244
Disconnected waterbodies rate (reach) -0.013 0.023 0.192 -0.043 -0.099 -0.068 -0.011
Overwidth rate (reach) 0.300 -0.037 0.170 -0.242 0.464 0.065 0.070
Dike rate (reach) -0.032 0.007  0.097 -0.078 -0.074 -0.047 0.009
pH (site) 0.097 0.096 0.033 -0.036 -0.013 0.311 0.175
DOC (site) -0.020 -0.054 0.008 0.043 -0.038 -0.095 0.018
Water hardness (site) 0.429 0.135 0.116 -0.259 0.182 0.999 0.239
Bioconcentration of silver (site) 0.196 0.204  0.290 -0.049 0.083 -0.016 0.382
Bioconcentration of lead (site) 0.381 0.318 0.474 -0.154 0.249 0.082 0.787
Bioconcentration of zinc (site) 0.213 0.183 0.274 -0.051 0.104 0.111 0.444
Bioconcentration of nickel (site) 0.048 0.042 0.005 -0.014 0.049 0.144 0.143
Bioconcentration of mercury (site) 0.128 0.112 0.234 -0.045 0.068 0.197 0.373
Bioconcentration of cadmium (site) 0.172 0.193 0.319 -0.027 0.153 -0.122 0.352
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Bioconcentration of chromium (site) 0.059 0.053 -0.030 -0.011 0.078 -0.028 0.067

Bioconcentration of copper (site) 0.144 0.071  0.123 -0.067 0.100 0.163 0.317
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3.2. Links between pressures

The outputs of the structural model were then obtained (Figure 111.1.3). The coefficient
of determination (R?) of endogenous constructs showed that industry density was the
highest with 36%, followed by pressures on stream hydromorphological functioning
with 22%, then WWTP density with 20%, riverside vegetation with 18% and an R? of
14 % for bioavailability factors. These values reveal that pressures are well
represented and could present an explanation for metallic contamination. In addition,
the multiple pressures explained 30% of metallic contamination. The path coefficients
present on the respective paths showed the direct quantification of each link. For
instance, anthropogenic land cover had a path coefficient of 0.179 on metallic

contamination and 0.602 on industry density.

Anthropogenic Land Cover

0.454
..... A WWTP Density

R2= 20%

Industry Density 4 K:
R2=36%

Pressures on stream
hydromorphological qu

functioning Riverside Vegetation
2.
R2= 22% o R2=18%
S:
S
|

Metallic Contamination
R2= 30%

Figure 111.1.3: Coefficients of determination (R? in percentage) of the pressures and
path coefficients (values on arrows) of links. The inputs of the model (pressures) are
represented by light gray and the main output of the model (metallic contamination) is
in dark gray. The direct paths between pressures and metallic contamination are
represented by black lined arrows and the indirect paths are in light dashed arrows.

The direct, indirect and total effects of pressures on each other were obtained (Table
[11.1.2). Anthropogenic land cover had the largest total effect of 0.472 on metallic

contamination. This effect is partially mediated by other latent variables because
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anthropogenic land cover had the most dominant indirect effect (0.293) too but not the

most dominant direct effect (0.179) on metallic contamination. Industry density had the

largest direct effect (0.189) on metallic contamination. In terms of total effects on

metallic contamination, industry density and WWTP density had close effects of
respectively 0.194 and 0.139. Compared to the effect of these pressures on metallic
contamination, pressures on stream hydromorphological functioning had a close value

of a total effect on metallic contamination of 0.115. This effect is generated by a direct

effect of 0.108 and an indirect effect of 0.007. Riverside vegetation had a significant

but small effect on metalic coQWDPLQDWLRQ i W LV WKH RQO\ |
negative correlation with metallic contamination. While bioavailability factors had a

significant effect (0.008) on metallic contamination but was the lowest compared to

other pressures. Between the considered pressures, anthropogenic land cover had the

largest effect on industry density (0.602). Riverside vegetation is the only factor that

KDG D QHJDWLYH HIIHFW RQ PHWDOOLF FRQW D FOL@ DWKIHR Q

other links were positive.

Table 1ll.1.2: Direct, indirect and total effects between pressures. WWTP stands for
wastewater treatment plant.

Pressure 1 Pressure 2 Direct Effect  Indirect Effect  Total Effect
Anthropogenic Land WWTP Density 0.451 0 0.451
Cover
Anthropogenic Land Industry Density 0.602 0 0.602
Cover
Anthropogenic Land Riverside -0.429 0 -0.429
Cover Vegetation
Anthropogenic Land Pressures on 0.464 0 0.464
Cover stream

hydromorphological

functioning
Anthropogenic Land Bioavailability 0.195 0.147 0.342
Cover Factors
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Anthropogenic Land Metallic

Cover

WWTP Density

WWTP Density

Industry Density

Industry Density

Riverside
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Riverside
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Pressures on
stream
hydromorphological
functioning

Pressures on
stream
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Bioavailability
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Contamination

Bioavailability
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Metallic
Contamination
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contamination
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0.179

0.059

0.134

0.052
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0.083
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0.005

-0.010

0.007
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4. Discussion

4.1. Hypotheses of links between pressures and contamination

This study aimed to establish an approach to better understand quantitatively the links
between pressures and bioavailable metallic contamination (through ABM) at a
national scale. We hypothesized that anthropogenic land cover, WWTP density,
industry density, pressures on stream hydromorphological functioning and
bioavailability factors were connected with positive correlations with metallic
contamination, unlike riverside vegetation, with a negative correlation with metallic
contamination. We developed a structural equation model of linked pressures that
enabled us to quantify the effects between pressures and bioavailable contamination
of metals. This approach was based on choices of variables, multiple scales and a
hierarchy of effects. This method was useful as a general descriptor of linkages
between pressures and their cumulative effects on metallic contamination in

gammarids, suggesting its utility in other multiple pressure-impact studies.

4.2. Explanation of pressure-contamination links

First, the measurement model reliability was confirmed with at least a high value of
cross-loadings for each latent variable. The manifest variables that contributed the
most to latent variables had often a wide distribution of data with a gradient of low and
high values. For instance, while urbanization and agriculture both influenced the
anthropogenic land cover latent variable, urban land cover was more variable than
agriculture, giving it a stronger correlation (0.984 versus 0.283). In order to study the
effect of anthropogenic land cover in a global vision, urbanization and agriculture were
combined in one latent variable. This approach takes into account large scales like the
watershed and 10 km buffer as well as smaller scales like the reach, site and 3 km
buffer. Frissell et al. (1986) showed that taking into account the nesting hierarchy of
habitats in streams must be considered for studying potentially different effects. The
measures at 3 km and 10 km did not show the same correlations. Local scale
indicators provided sometimes a different information than larger ones, enabling
complementary information. For instance, anthropogenic land cover was represented
at a large scale (watershed). A large scale combines multiple smaller scales, showing

that the used indicators are integrators of various information. Pressures on stream
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hydromorphological functioning was represented by various manifest variables. No
separation was made between the different typologies of hydromorphology in terms of
effect on liquid and sediment fluxes generated by each variable. In the current not
causal model, the purpose of this latent variable similarly to anthropogenic land cover
was to study its global effect on metallic contamination without focusing on a particular
typology of hydromorphology. Water hardness had the highest cross-loading for
bioavailability factors. Holt (2000) explained that water hardness influences strongly
on metal bioavailability. Metallic contamination was not only correlated with
contaminants concentrations but with other measures of pressures. Thus, the
measurement model gave us hints about correlations between theoretical pressures

and measures of these pressures.

Second, the reliability of the model was also confirmed with a good explanation of each
factor and more precisely the explanation of metallic bioavailable contamination by
pressures. The model was proved significant since R? was higher than 10% but still a
part of the explanation is missing possibly due to other pressures. The quantification
of links with path coefficients justified the links and the nature of the effects. Interactions
between factors were represented with indirect effects. The coefficient of determination
and path coefficients also showed that metallic bioconcentration in gammarids is not
only generated by one pressure but rather multiple pressures. The integrality of metals
had been considered to represent metallic contamination in the current model,
nevertheless, depending on the considered taxa, certain elements are more or less
regulated by biota. Takesue et al. (2019) showed that mussels for instance bioregulate
several metals like cadmium and zinc. For this reason, finding links between
concentration of metals in biota and pressures was dependent on the metals and the
bioregulation. For instance, gammarids highly regulate copper (Urien et al., 2017).
Furthermore, the highlight of this approach remains taking into account multiple
measures like metals with multiple regressions in order to visualize all the possible

guantitative links.

Third, pressures are intertwined and hypotheses in Supplementary material (SI.3) were
supported in (Table II1l.1.2). These results were consistent with the formulated
hypotheses that pressures had a positive correlation with metallic contamination and
riverside vegetation had a negative one. The different sources of metals in waterbodies

had indeed a weight on the measurement of bioconcentration. The descending order
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of contributions was coherent (1) Anthropogenic land cover (2) Industry density (3)
WWTP density (4) Pressures on stream hydromorphological functioning (5) Riverside
vegetation (6) Bioavailability factors. Not only sources of contamination (anthropogenic
land cover, industry density and WWTP density) had a total effect on metallic
contamination, but also ponderation factors (pressures on stream hydromorphological
functioning, riverside vegetation and bioavailability factors). Pressures with high and
low contributions were considered in order to enable this comparison. Bioavailability
factors known to modulate the levels of biota exposition to the waterbody
contamination, were represented at a local scale (site). However, they had a low
quantified link with metallic contamination in comparison to the sources of
contamination (anthropogenic land cover, industry density and WWTP density) or
elements modulating the transfer of contaminants to the watercourse (pressures on
stream hydromorphological functioning and riverside vegetation). Previous studies like
Brettschneider et al. (2019) linked local restauration of waterbody hydromorphology in
specific sites to biocontamination and found no link between them. In the current paper,
pressures on stream hydromorphological functioning were confronted for the first time,
at a large scale, with metallic bioconcentration with a quantitative positive correlation.
In addition, the model was intentionally designed with mostly indirect effects for
anthropogenic land cover, since it is an exogenous construct integrating multiple
pressures. In addition, the total effect of anthropogenic land cover was mediated by
pressures on stream hydromorphological functioning, industry density, WWTP density

and riverside vegetation.

4.3. Approach choices and adaptation

This approach can be used to describe and explain the links between pressures and
water contamination. However, conclusions are dependent on the chosen pressures,
measures and sampling sites, possibly explaining the levels of quantified links. This
approach did not aim to represent all pressures but to understand how a selection of
the main pressures are linked. Cairns Jr and Niederlehner (1996) state that chemical
contamination could result from changes interacting at fine scale that are different from
large scales, with co-occurrence of multiple agents. In this approach, representation of
factors of transfer of metals from the source, and stocking and destocking in water

were not included due to the absence of flood events. Choices were made, like
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combining urbanization and agriculture (with only the types of agriculture that had
intensive impact evaluated by Wasson et al. (2005)) from Corine Land Cover layers
with a wide mesh. This latent variable aimed to represent globally the sources of
metallic contamination at a large scale before investigating the quantification of more
specific links. Other cartographies with a smaller mesh could provide a different
contribution. In addition, in this approach natural geochemical concentration of metals
was not separated from anthropogenic concentration of metals because the
combination of both concentrations created the total threat. We were thus not focused
on one type of concentration. Contrasts in concentrations of metals in gammarids
covaried with the pressures. Moreover, watercourse size (Strahler order) could
influence on the contamination level, completing the effects of pressures on it.
However, in this study, all sites of all sizes were considered in one model in order to
integrate the maximum information. The size of the watercourse thus covaried with
some metals concentrations and not others. With a bigger dataset, two similar models
for respectively small and bigger watercourses can be established. With this separation
based on the size, the concept of the model itself will not vary but the quantification of
the links might, based on the spatial configurations. Moreover, the hydrological
regimes of the watershed could provide an information on the susceptibility of transfer
of metals in the watercourse as well as the state of the metal and the flashes of solute
and sediments during low and high flows (Moatar et al., 2020). Soil characteristics can
also play on the type and rate of soil erosion and then on the transfer of metals. Finally,
the dataset size is also an important factor to consider. The current dataset was the
most consistent so far for these pressures with these measures. It resulted from
previous independent experiments and served as an explanatory multi-pressure
methodology. In order to make this approach predictive, a bigger dataset can help

validate the robustness of the paths.

4.4. Utility of integrating ABM in a multi-pressure approach

This study stands out as it investigates quantitatively the links between pressures,
looking more closely into the relationships between pressures and bioconcentrated
contamination in gammarids. Numerous studies focused on multiple pressures and
more specifically its effect on ecological communities and their responses (Dahm et
al., 2013; Grizzetti et al., 2017; Lemm and Feld, 2017; Rico et al., 2016; Schmidt et al.,
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2019; Villeneuve et al., 2018). Comparing this paper's results to large-scale pressure-
impact studies is not possible since different inputs (various multiple pressures) and
outputs (bioconcentration versus ecological response) were considered. However, this
study is intended to serve as a concept on the integration of ABM in a multi-pressure
approach and can add some perspectives to other pressure-impact studies integrating
contamination. It suggests a quantitative link between pressures and contamination,
highlighting the presence of links between anthropogenic land cover and
contamination. Even though specific impacting pressures can occur, the cascades of
links show that there is not only one important pressure that needed to be managed
but also their relationship with contamination. In multi-pressure approaches, the
challenge remains to have a consistent dataset with no gaps whatsoever. Thus, not
only ABM had been proven suitable for contamination assessments but it was also
needed in multi-pressure studies. ABM campaigns are mostly performed at a local
scale, nearby to punctual sources of contamination (Besse et al., 2012). Brettschneider
et al. (2019) established a local study on toxicity of substances through ABM in
restored sites (in terms of hydromorphology) and found out that restoration did not
affect the ecotoxicological quality. In the present paper, the gathering of measurements
of metals in gammarids from past monitoring campaigns enabled the large-scale
analysis. Alric et al. (2019) confronted metallic indicators to the state of invertebrate
communities. The present methodology can complete the understanding of this link. In
future studies, the links between pressures (including bioavailable contamination) and
the ecological state will be investigated. It will enable the integration of bioavailable
contamination to pressure-impact models. It can also be applied for other chemical
compounds than metals. In addition, analyses of exposed gammarids was performed
spatially due to independent caging experiments. Thus, temporality could be studied

by establishing a strategy for sampling over the different seasons.

5. Conclusions

To conclude, the main idea conveyed in this paper is the proposal of a methodology
allowing the investigation of the effects of multiple pressures on metallic
bioconcentration for the first time. The chosen pressures (anthropogenic land cover,
industry density, WWTP density, pressures on stream hydromorphological functioning

and bioavailability factors) increased in the same direction while the increase of
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riverside vegetation was accompanied by a decrease in the pressures and metallic
contamination. Bioavailability factors had a low effect on metallic contamination
compared to sources of contamination and factors of transfer. While pressures on
stream hydromorphological functioning had a bigger effect on metallic contamination.
Yet, interpretations should be done with hindsight of the representativeness of the
dataset and the purpose of the present paper was mainly focused on the adapted
methodology. Modeling through PLS-PM enabled better understanding of the order
and the intensity of multiple pressures on metallic contamination, and simultaneously
revealed the direct and indirect links between those multiple pressures. This case study
provides a stepping-stone for extrapolating this methodology to other countries or
locations with large-scale bioavailable contamination datasets. Finally, establishment
in the future of a pressure-impact approach with multiple pressures (bioavailable
contamination and toxicity included) as inputs and freshwater community as output,
might improve understanding of how freshwater ecosystems respond to the growing

complexity of pressures.
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Appendix A. Supplementary material

Eight pages, two tables and two method descriptions.

SI.1: Description of measures and scales of pressures.

X Anthropogenic land cover was represented by percentages of surfaces of
urbanization and intensive agriculture (following the classification of Wasson et al.
(2005)). These percentages were calculated at the watershed scale. The
watershed of each active biomonitoring (ABM) site was defined based on the
slopes with a Digital Elevation Model (DEM).

X Wastewater treatment plant (WWTP) density was represented by the sizes and
the number of WWTPs at a 3 km and 10 km circular buffer upstream of each
site. The size was the sum of surfaces of WWTPs and the number was the count
of the WWTPs in the buffer zones of 3 km and 10 km. We used two different
scales of WWTP influence to examine both proximate and distal effects on
metallic contamination.

x Similarly, industry density measures were based on the sizes and the number
of industries at 3 km and 10 km buffer upstream of each site. The size and
number were calculated like for WWTP density. The industry density information
ZDV RULJLQDWHG IURP &RULQH /DQG &RYHU &/& +R
2014) for the following layers: Industrial or commercial units (1.2.1.) and Mine,
dump and construction sites (1.3.). The same indicators were calculated at the
watershed scale for mining industries and for the sum of tonnage of metals
produced in mining.

X Riverside vegetation measures were characterized by the rates of vegetation in

10 m and 30 m at the reach scale (expressed in percentages).
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X Pressures on stream hydromorphological functioning were not focused on
variables of hydromorphology functioning but variables that can generate
degradation of the natural functioning of a stream. We used the rate of roads
and railways, upstream dams, channel straightening, disconnected
waterbodies, overwidth and dikes at the reach scale, expressed in percentages.
The length of the reach section was determined as a homogeneous
hydromorphological section (Valette et al., 2012).

X Bioavailability factors were measured with the respective geometric means of
the indicators below, for 11 prior monthly ABM samples and the month after the
sampling at the site scale.

i. pH.

ii.  Water hardness (in French degree °F, based on the total water hardness
measure).

iii.  Dissolved organic carbon (DOC in milligram of carbon per liter, based

on total and filtrated measures of DOC)
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SL.2:

Table 111.1.3: Table with sources for used variables at different scales.

Latent variable

Scale

Sources

Anthropogenic land
cover

WWTP density

Industry density

Vegetation rate

Pressures on
stream
hydromorphological
functioning

Bioavailability
factors

Watershed scale

3 km and 10 km
upstream

3 km and 10 km
upstream, and
watershed scale

Reach scale

Reach scale

Site scale

Corine Land Cover (CLC) 2012
+R FLAR DQG 7RPDV]
2014).

The shape file on WWTP
capacity (equivalent population in
2012) from the Sandre (2012)
database.

CLC and « Bureau de
Recherches Géologiques et
Miniéres » (BRGM, Accessed on
6/02/2019) databases.

BD TOPO (IGN) for the
representation of vegetation rate
and reaches. The delimitation of
reaches was extracted from the
project « Systemes relationnel
GIDXGLW GH OTK\GUH
FRXUV & BMRAK-CE)
(Valette et al., 2012).

BD TOPO (IGN) for the pressures
on river hydromorphological
functioning. Delimitation of
reaches and details of calculation
are described in Valette et al.
(2012).

(Narades) database.
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Site scale Measures were based on results
of previous experiences affiliated
to the Ecotoxicology laboratory of
INRAE.

Metallic
contamination
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SI1.3:

Table 1ll.1.4: Hypotheses of effects between two pressures (direction and nature of
effect) and their supporting literature reference. WWTP stands for wastewater

treatment plant.

Pressure 1 Pressure 2 Effect Supporting
Nature References
Anthropogenic land WWTP density Positive Steele et al. (2010)
cover
Holt (2000)
Anthropogenic land Industry density Positive +R FLAR DQG
cover Tomaszewska (2014)
Anthropogenic land Riverside vegetation  Negative Rios and Bailey (2006)
cover _
Naiman et al. (2005)
Anthropogenic land Pressures on stream  Positive Villeneuve et al. (2018)
cover hydromorphological
¢ . Wang et al. (2008)
unctioning
Anthropogenic land Bioavailability factors  Positive Leopold (1968)
cover
Kaushal et al. (2014a)
Kaushal et al. (2014b)
Kaushal et al. (2018)
Anthropogenic land Metallic Positive Wang et al. (2008)
cover Contamination
Kaushal et al. (2014a)
WWTP density Bioavailability factors  Positive Leopold (1968)

Kaushal et al. (2014b)
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WWTP density

Industry density

Industry density

Riverside vegetation

Riverside vegetation

Pressures on stream
hydromorphological
functioning

Pressures on stream
hydromorphological
functioning

Bioavailability factors

Metallic
contamination

Bioavailability factors

Metallic
contamination

Bioavailability factors

Metallic
contamination

Bioavailability factors

Metallic
contamination

Metallic
contamination

Positive

Positive

Positive

Negative

Negative

Positive

Positive

Positive

Holt (2000)
Oursel (2013)

Tchounwou et al. (2012)

Wang et al. (2008)
Steele et al. (2010)

Leopold (1968)

Tchounwou et al. (2012)

Wang et al. (2008)

Steele et al. (2010)
Steele et al. (2010)
Kaushal et al. (2014a)

Naiman et al. (2005)

Rios and Bailey (2006)

Tormos (2010)

Kaushal et al. (2018)

Garneau et al. (2012)

Holt (2000)
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Sl.4: Principle of partial least squares - path modeling (PLS-PM) calculation.

First, the external estimation of latent variables based on manifest variables is
calculated. Latent variables are calculated using partial least squares (PLS) algorithm

to establish linear combinations between manifest variables, following equation (1)
<M A ZuidvkZwmim (1)

Yjis the external estimation of the latent variable j; wjh represents the coefficients linking

a linear combination between latent variable j and manifest variables h; [yare the
manifest variables h of a latent variable j; w; and ; \are respectively the column vectors

of winand [\ gach represent a matrix of one column with multiple elements.

Second, the internal estimation of latent variables is calculated from linear

combinations with the external estimations of other latent variables following equation

(2):
:MBA<L-_M Fem <L (2

=ys the internal estimation of the latent variable j; 3shows that the variable on the left
of this symbol is obtained by a reduction of the variable on the right of this symbol; H,_
is the path coefficient (regression coefficient of the structural model); <,is the external
estimation of latent variable i; L _ s thbcondition for which i is divisible by i is different
from jand FL M is non nullity of coefficients (Fernandes, 2012; Tenenhaus, 1999).

These two types of calculations are repeated until convergence of the model.

Then coefficients of the model are estimated with PLS regressions while avoiding
multicollinearity issues (Chin, 1998; Fernandes, 2012; Tenenhaus et al., 2005). The
details on the developed algorithm are explained in Tenenhaus et al. (2005) and Vinzi
et al. (2010).
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Partie 2 : Liens entre les pressions et la contamination organique

biodisponible

Synthése du chapitre lll, partie 2

Les polluants organiques persistants (POPs) sont des contaminants
SUpRFFEXSDQWY SRXU OHV pFRV\VWgPHV GYHDX GRXFH /H
polycycliques (HAPs) et les polychlorobiphényles (PCBs) sont connus pour leur
rémanence dans les milieux. Bien TXf{LQWHUGLWY GHSXLV OHV DQQpHV
toujours trouvés dans les milieux et leurs devenirs restent une problématique majeure
au regard de leur toxicité. Les HAPs sont eux aussi préoccupants du fait de leur
persistance dans les milieux. Afin de mieux comprendre les causes de la rémanence
de ces contaminants et leur répartition spatiale, il est essentiel de mieux en évaluer
OHV VRXUFHV HW OHV YHFWHXUV GH WUDQVIHUW WWRFNDJ
PCBs sont notamment dans les milieux urbains, les industries, les décharges et les

routes.

Comme pour les métaux, le suivi des HAPs et des PCBs dans les réseaux de
VXLYL QDWLRQDX[ VIHVW SULQFLSDOHPHQW IDLWWW OH)
SDUFHOODLUH GH OfH[SRYVLWduRMa 8 teheyps)d0@ e lknided/ WU qV
GH TXDQWLILFDWLRQ /HV PHVXUHV GH FRQWDPWQYD@WV C
UHQVHLJQHQW SDV OD IUDFWLRQ HQ FRQWRBRFNKXQN8WYOBICRC
DFWLYH EDVp VXU OTHQFDJHPHQW @uantifidatior RIi& HBY SHUP
contamination organique biodisponible.

Dans cette étude, nous avons abordé la question des liens entre les pressions
anthropiques a large échelle et la contamination biodisponible organique. La
contamination biodisponible organique pour les HAPs et les PCBs a été mesurée au
niveau de 245 sites en France métropolitaine (Figure 111.2.2). Nous avons pour cela
construit un modele liant les pressions a la contamination organique, en utilisant le
FDGUH FRQFHSWXHO GpYHORSSp SRXU OTDQDORYM X OLHC
(Sarkis et al. 2020) en ne VPOHFWLRQQDQW TXH GHV SUHVVLRQV VX)\
effets sur la contamination : (1) les sources diffuses GH 323V j OTpFKHOOH GX [
YHUVDQW OHV SDUDPgQWUHYVY HQYLURQQHPHQWDWKI[ j Ofp
VRXUFHVY SRQFWXHOOHV GH 323V j OfpFKRQWHGXHVQWHRQ
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OTK\GURPRUSKRORJL tongo® §tp(b)KadH cotzentr&idn en nutriments et
PDWLqQUHV RUJDQLTXHV SRXYDQW LQGXLUH WOQMWHHHXWDRSH L
variable de pression a ensuite été construite a partir de stresseurs permettant de la

représenter au mieux (Figure [11.2.3). Pour confirmer les liens entre les HAPs et les

PCBs nous avons fait une analyse par composantes principales (ACP). Un modele

conceptuel a enfin été implémenté en utilisant une méthode de modélisation par

équations structurelles, le PLS-path modeling qui nous permis de construire deux

modéles distincts pour les HAPs et les PCBs.

6XLYDQW Of$&3 OHV +$3V VR &VedR4ddpOdey HARZW UH H
Les PCBs sont corrélés entre eux et avec la somme des PCBindicateurs. LeS HAPS et les
3&%V QIpWDLHQW FigDr¥ IIFRAUUpPDQEYV OHV GHX[ PRGQOHV GTp
structurelles, nous avons quantifié les corrélations des stresseurs avec leur pression
(Table 111.2.2). Les pressions les plus corrélées positivement avec les HAPs sont (1)
les sources ponctuelles urbaines, (2) les nutriments et les matiéres organiques, (3) La
précipitation estivale, (4) la rectitude, et (5) les VRXUFHV GH GHQV I(MgpreG TLQ G X\
[11.2.5). Pour les PCBs, ce sont (1) les sources diffuses de densité urbaine, (2) les
sources diffuses de densité des industries, (3) les sources diffuses de densité des
routes, et (4) la taille du bassin versant (Figure 111.2.6). Les pressions dominantes pour
les HAPs ont été des sources ponctuelles et des vecteurs de transfert, suggérant
OTXWLOLWp GH PHVXUHY GH JHVWLRQ ORFDOHYV HUWRMKM[HPSC
OHV GpYHUVRLUV GTRUDJH 3RXU OHV 3&%V OHV VRXUFHYV
utilisations passées trés répandues, rendant difficile la proposition de pistes
GIDPpPQDJHPHQWYV
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Highlights
X Active biomonitoring provided large spatial scale quantification of PAHs and PCBs.

x Links of pressures with bioavailable PAH and PCB contamination were quantified.
X Point source and nonpoint source pressures were linked with PAH contamination.

X Nonpoint source pressures were linked with PCB contamination.

Graphical abstract
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Figure I11.2.1: Graphical abstract of the study on links between pressures and organic
bioavailable contamination.

Abstract

Aquatic ecosystems are exposed to multiple environmental pressures including
chemical contamination. Polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs) are persistent organic pollutants (POPs) known as

preoccupying substances for the environment. Active biomonitoring (ABM) is a
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surveillance method for polluted aquatic ecosystems measuring bioavailable
contamination. In this work, the aim was to quantify the total links between
environmental pressures and bioavailable contamination (for PAHs and PCBs) at the
French national scale. Based on 245 sites experimented by ABM from 2017 to 2019,
environmental pressures (anthropogenic pressures and environmental parameters)
were defined (point source landfill density, point source urban density, point source
industry density, point source road density, nonpoint source industry density, nonpoint
source road density, nonpoint source urban density, nutrients and organic matter,
slope, dams, straightness, coarse sediment, summer precipitation, hydrographic
network density and watershed size) and characterized by one or a combination of
measures called stressor indicators. The links between environmental pressures and
bioavailable POPs contamination (ABM measure) at a large spatial scale were defined
and quantified via structural equation modeling. Point source urban density, nutrients
and organic matter, summer precipitation, straightness and point source industry
density are correlated positively with PAH bioavailable contamination. In contrast,
nonpoint source urban density, nonpoint source industry density, nonpoint source road
density and watershed size are positively correlated with PCB bioavailable
contamination. The dominant pressures linked to PAHs and PCBs were different,
respectively local and large-scale pressures were linked to PAH bioavailable
contamination, and only large-scale pressures were linked to PCB bioavailable

contamination.

Keywords

Active biomonitoring; Nonpoint sources; PAH; PCB; Point sources; Stressors

1. Introduction

Freshwater ecosystems are subject to various chemical contaminants linked to specific
sources and vectors of transfer, but studying these links at large scale remains difficult.
With their high persistence in the environment, legacy persistent organic pollutants
(POPs) are preoccupying (Lohmann et al.,, 2007; Motelay-Massei et al., 2004), as
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs). Some
of them are listed as priority substances by the European Union Water Framework
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Directive (WFD) (European Commission, 2008). PCBs are known for their strong
persistence in the environment even after their banished usage (Dendievel et al., 2019;
Mourier et al., 2014). PCBs were used in electric materials for industrial and urban
areas (Gustafson, 1970). Their past sources were mainly from incineration of waste
and elimination of electric transformers, inducing a dispersion of PCBs (mostly
atmospheric) (Amiard et al., 2016). Despite the ban on their production and uses,
PCBs are ubiquitous in freshwater. They are able to sediment due to their low solubility
in water (Gustafson, 1970) and hydrophobicity (Jones and de Voogt, 1999). Their
hydrophobicity enables them to contaminate trophic chains (Babut et al., 2011), this
happened in the Rhone river in France (Mourier etal.,, 2014). These organic
contaminants can be present in soils of landfills (Amiard et al., 2016; Dendievel et al.,
2019). PAHSs are also ubiquitous POPs, well known for their atmospheric presence,
low vapor pressure, low solubility in water (Ravindra etal., 2008) and difficult
degradation (Zhi et al., 2015). PAHs ongoing origins are atmospheric deposition from
combustion (Bertrand et al., 2015; Coles et al., 2012; Ravindra et al., 2008), urban
density, industrialization (Bertrand etal.,, 2015; Colesetal., 2012; Motelay-
Massei et al., 2004) and leaching from roads (Coles et al., 2012; Ravindra et al., 2008)
covered with coal tars (Degiorgi and Badot, 2020). Water runoff from precipitation can
also induce pulses of contamination in watercourses (Ravindra et al., 2008; Uher et al.,
2016).

Concentrations of PCBs and PAHs were often measured in a selection of sites next to
a specific source of contamination. Punctual measurements of contaminants are
frequently below the limits of quantification and do not consider bioavailable
concentrations present in biota (Cilibertietal., 2017). To take into account
bioavailability, instead of measuring contaminants in water and sediment, they were
dosed in biota (for example, in mussels in the Mussel Watch Program
(Kimbrough et al., 2008), and in oysters and mussels in the ROCCH program
(Ifremer, 2008)). Active biomonitoring (ABM) measures bioavailable concentrations of
contaminants in transplanted organisms (Besse et al., 2013; Wepener, 2013). The
measures in biota enable better quantification of contaminants with low concentrations.
Arnold et al. (2021) emphasized the necessity of understanding large-spatial-scale
contamination sources and the difficulty of considering native bioindicators.

Meanwhile, active biomonitoring generates measures of contaminants at a large
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spatial scale and allows a comparison of these measures (Ciliberti et al., 2017).
Gammarids are dominant macroinvertebrates from the crustacean group and are
ubiquitous in French freshwater (Besse etal., 2013). They are used as active
biomonitoring probes to measure bioavailable contamination because they are net
accumulators of chemical substances (Chaumot et al., 2015). Bioconcentrations of
PAHs and PCBs in gammarids are easily measured (Besse et al., 2013; Alric et al.,
2019).

Anthropogenic pressures, generated by human activities, can influence on
contamination (Craig et al., 2017) (e.g. PAH and PCB) of freshwater ecosystems at
large scale. These pressures can be sources of contamination like urban zones
(Kaushal et al., 2014) and industrial discharges (Steele et al., 2010). They can also be
factors of transfer of contaminants like hydromorphological alterations
(Dendievel et al., 2019). Hydromorphological modifications can impact on sediment
transfer and thus the bioavailability of organic contaminants adsorbed to the sediment
(Brunet, 2007). For instance, alterations of the watercourse like modification of
discharges by dams, can generate deposition and remobilization of sediments on
which organic pollutants are adsorbed (Bertrand et al., 2015; Dendievel et al., 2019).
Straightening watercourses is an indicator of morphological alteration that can act on
the velocity of flows and, increase erosions of banks and sediment transport
(Garcia et al., 2012). Eutrophication, defined as a high concentration of nutrients, can
also influence on the bioavailability of contaminants (Akkanenetal., 2012;
Chapman, 2018; Tao et al.,, 2017). Numerous studies started to quantify the links
between pressures and biological responses (Dahm et al., 2013; Riseng et al., 2011,
Stendera et al., 2012; Villeneuve et al., 2018). In order to manage multiple pressures
in freshwater, quantifying the links between pressures and contamination is required.
The links between pressures and contamination are often studied at local scales. For
example, Uher et al. (2016) investigated the links between anthropogenic pressures
and PAHs in freshwater in the Seine river. Frissell et al. (1986) highlighted the
necessity of considering the hierarchy of scales when studying links between
anthropogenic pressures. Stream functioning is studied following a hierarchy of scales
(Allan, 2004; Poff, 1997) because the links between parameters at a large spatial scale
can be different from the ones at a local spatial scale. To investigate the impact of a
specific pressure, the appropriate scale should be chosen. Nevertheless, confronting
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pressures to POPs measurements on a large scale can be challenging. These
measurements in water are frequently below the quantification limit of analytical
methods and thus contamination data distribution can have missing low values
(Ciliberti et al., 2017). Sarkis et al. (2020) proposed an explanatory model to quantify
the links between pressures and metallic bioavailable contamination at a large scale.
The current study aims to quantify at large scale the links between pressures and
bioavailable organic contamination (for PAHs and PCBSs) of French watercourses. We
selected pressures constituted of point sources (at a local scale close to the site) and
nonpoint sources (at large scales like the watershed) of contamination, potential
factors of transfer of contaminants as well as environmental parameters. Then, we
established a conceptual model representing each pressure via stressor indicators at
its suitable scale of occurrence and considering bioavailable contamination as the final
output. The scales of the pressures were the watershed, upstream influence, reach
and site scale, and the scale of bioavailable organic contamination was the site scale.
Hypotheses of links between pressures and bioavailable PAH and PCB contamination
were set following a structural equation model. These links among pressures, and the
links between pressures and bioavailable contamination were quantified with Partial
Least Squares - Path Modeling (PLS-PM). Lastly, the dominant links of pressures with

bioavailable PAH and PCB were compared at adequate spatial scales.

2. Material and methods

2.1. Contamination data from POPs requlatory surveillance via ABM

Bioavailable concentrations data (PAHs and PCBs) are extracted from the national
database (Naiades) gathering measurements implemented by the French regional
water agencies. They have been recently implementing bioconcentration
measurements with transplanted gammarids (ABM) (Babut et al., 2020) for the WFD,
following the standardized protocol defined in AFNOR 2019. Control Gammarus
fossarum ZHUH VDPSOHG IURP DQ XQFRQWDSanONmWitkGleVLWH LC
Rémens” 7KH\ ZHUH DFFOLPDWHG LQ FRQWUROOHG FRGLWLR
with leaves as food. Body-sized-calibrated males were caged in watercourses for an
exposition period of three weeks during non-flood events. Sex and weight are
controlled to avoid their effects on bioconcentration (Besse et al., 2013; Ciliberti et al.,

2017). Quantification of contaminants in gammarids surviving was performed by a
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COFRAC-accredited laboratory (LDA26), with a minimum of 1.5 g of wet weight of
gammarids per site. After the exposition, POPs were dosed in gammarids via mass
spectrometry more specifically 11 PAHs (Anthracene, Benzo (b+j) Fluoranthene,
Benzo (k) Fluoranthene, Benzo (g,h,i)) Perylene, Benzo (a) Pyrene, Chrysene,
Fluoranthene, Fluorene, Naphtalene, Phenanthrene and Pyrene) and 17 PCBs (PCB
28, PCB 52, PCB 77, PCB 101, PCB 105, PCB 114, PCB 118, PCB 123, PCB 126,
PCB 138, PCB 149, PCB 153, PCB 156, PCB 157, PCB 167, PCB 170 and PCB 180).
The 245 caging sites were distributed over the national scale of France. Sites in
different hydroecoregions represented a diversity of landscapes, with contamination
measures from 2017 to 2019 (Figure 111.2.2). A hydroecoregion (type 1) is a
homogeneous zone in terms of geology, relief and climate (Wasson et al., 2002). The
maximum concentration of each contaminant per site for different samplings was
considered with its specific caging date. The few concentrations below the limit of
guantification (LQ) were replaced by the measure of the LQ divided by 2. Considering
sites in the nationwide French monitoring network covered a spatially contrasted range

of concentrations of bioavailable PAHs and PCBs.
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Figure 111.2.2: Distribution of sampling sites of bioavailable persistent organic
contaminants (from in situ caging of gammarids) (black dots) in the hydroecoregions
of metropolitan France (zones delimited by gray lines).
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2.2. Choices of pressures and stressor indicators at multiple scales and conceptual

model building

To associate each ABM experimented site to anthropogenic pressures, we first chose
potential sources of POPs contamination based on literature. PAHs may be originated
from punctual industries, urbanization (Bertrand et al., 2015; Coles etal., 2012;
Motelay-Massei et al., 2004) and roads (Coles et al., 2012; Ravindra et al., 2008).
While, PCBs are usually diffused in urban environments due to their past use
(Dendievel et al., 2019; Mourier et al., 2014). To represent diffuse sources of POPs in
our conceptual model (Figure 111.2.3), we chose indicators of three possible nonpoint
sources of POPs: nonpoint source industry density, nonpoint source urban density and
nonpoint source road density. Besides, we considered four point sources: point source
industry density, point source urban density, point source road density and point
source landfill density. We selected five environmental parameters possibly modulating
bioavailable POPs contamination: coarse sediment, soil permeability, watershed size,
hydrographic network density and summer precipitation. We also integrated
hydromorphology: dams, slopes and straightness, as a transfer vector of POPs and
eutrophication (nutrients and organic matter) representing deteriorated water quality.
Stressor indicators were selected based on expert knowledge and data availability to
represent these pressures that can have a potential link with POPs bioavailable
contamination (Figure 111.2.3). The used spatial scales were (a) the site, (b) the reach
defined as a zone with homogeneous hydrographic characteristics, (c) the upstream
influence of 5, 10 and 20 km represented with a buffer zone upstream of each site, and
(d) the watershed delimited for each site with a digital elevation model (DEM). Nonpoint
source industry density, nonpoint source urban density and nonpoint source road
density, coarse sediment, soil permeability, watershed size, hydrographic network
density and summer precipitation were large-scale pressures at the watershed scale.
Point source industry density, point source urban density, point source road density
and point source landfill density were at the upstream influence of 5, 10 and 20 km of
each site. Dams, slope and straightness were at the reach scale. Nutrients and organic
matter pressure was at the site scale. The pressures, their stressor indicators and
sources of data are detailed in Table I11.2.1. For each site, all stressors were calculated
at their scale via Geographic Information System. All pressures were linked to POPs

contamination (Figure 111.2.3). We supposed a positive correlation between all
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pressures (except soil permeability) and POPs bioavailable contamination because

these variables were sources of POPs, factors favorable for more POPs in the

watercourse or transfer factors of POPs. As for soil permeability, we expected a

negative correlation with POPs bioconcentration. Point source landfill density, point

source industry density, nonpoint source industry density, point source road density,

nonpoint source road density, point source urban density, nonpoint source urban

density, dams, slope and straightness were linked to nutrients and organic matter in

freshwater (Figure 111.2.3) with an expected positive correlation. These links of

pressures with nutrients and organic matter contributed to the indirect links of

pressures with bioavailable persistent organic contamination.

Environmental parameters
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particles
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Watershed surface —-----——-----% Watershed size
Density of the  .——ceemeem e » Hydrographic
hydrog);aphic network ne%vor density
Mean of summer ________________ Sum!in
precipitation > precipi ion
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Cumulative volume ______________

in relation to the flow & Dants
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Figure 111.2.3: Conceptual model representing the direct and indirect links between
pressures (composed of stressors) and bioavailable persistent organic contamination

at multi-scale.
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Table 111.2.1: Expression of pressures by stressor indicators (their scales) and data

sources.

Pressures

Stressor indicators
(scales)

Data sources

Nonpoint source
industry density

Number of current
industries (watershed)

Corine Land Cover 2018 David (2019)

Nonpoint source
urban density

Surface of urban land
use (watershed)

Corine Land Cover 2018 David (2019)

Population density
(watershed)

ADMIN EXPRESS IGN (2016)

Nonpoint source road
density

Density of roads and
highways (watershed)

BD TOPO ® IGN (2020)

Coarse sediment

Percentage of large
particles (watershed)

European Soil Database & soil
properties EC/ESBN (2004)

Soil permeability

Rock permeability

Pedotransfer Rules Database

(watershed) (PTRDB) EC/ESBN (2004)
Watershed size Watershed surface BD TOPO ® IGN (2020)

(watershed)
Hydrographic network | Density of the BD Carthage ® (Base de Données sur
density hydrographic network la CARtographie THématique des

(watershed) AGences de I'eau et du ministére

chargé de I'environnement) IGN (2017)

Summer precipitation

Mean of summer
precipitation
(watershed)

SAFRAN reanalysis Quintana-Segui
et al. (2008), Vidal et al. (2010)

Point source industry
density

Presence of current
industries (5, 10 and
20 km upstream
influence)

Corine Land Cover 2018 David (2019)

Point source urban
density

Surface of urban land
use (5, 10 and 20 km
upstream influence)

Corine Land Cover 2018 David (2019)

Population density (5,
10 and 20 km upstream
influence)

ADMIN EXPRESS IGN (2016)

Wastewater treatment
plants presence (5, 10
and 20 km upstream
influence)

Sandre Sandre (2012)

Point source road
density

Number of roads (5, 10
and 20 km upstream
influence)

Corine Land Cover 2018 David (2019)

Point source landfill
density

Presence of current
landfills (5, 10 and
20 km upstream
influence)

Corine Land Cover 2018 David (2019)

Dams

Cumulative volume in
relation to the flow
(reach)

SYRAH-CE (SYsteme Relationnel
d'Audit de I'Hydromorphologie des
cours d'eau) Irstea/ONEMA (2017)
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Slope Slope (reach)
Straightness Rate of straightness
(reach)
Nutrients and organic | Total Phosphorus (site) | French national database of water
matter Nitrites (site) quality (Naiades)

Nitrates (site)
Ammonium (site)
Dissolved oxygen (site)
Suspended matter (site)
BODs (Biochemical
Oxygen Demand for five
days) (site)

Dissolved organic
carbon (site)

2.3. Statistical modeling

A preliminary principal component analysis (PCA), based on a site x substance matrix
gathering bioavailable contamination data, was performed with XLSTAT (2019). More
specifically, on the dataset including bioconcentrations of PCBs and PAHs with the
sum of iPCBs and the sum of PAHs. The sum of iPCBs had already been used as a
representative indicator of PCBs (Babutetal., 2009). This PCA investigates
covariations in our dataset among PAHs or PCBs, and between them. This analysis
led to parametrize two separate models with, respectively the sum of PAHs and the

sum of iPCBs as outputs (see results).

The adopted statistical modeling methodology, for the quantification of links defined in
Figure 111.2.3, was the same as Villeneuve et al. (2018), Sarkis et al. (2020). PLS-PM
was adopted because this modeling can quantify the links between multiple pressures,
taking into account direct and indirect links without multicollinearity issues
(Tenenhaus et al., 2005). It is a type of structural equation modeling constituted with
two sub-models based on regressions (Fernandes, 2012; Vinzi et al., 2010). When
studying the links between pressures and POPs, the measurement model defines the
pressures based on stressor indicators following the Eq. (1) <y A ZmklvkZm ;where
Yjis the external estimation of the pressure variable j; wjr are the coefficients linking a
linear combination between pressure j and stressor indicator h; xj» are the stressor
indicators h of pressure j; wj and Xj are, respectively the column vectors of wjn and Xjn
representing each a matrix of one column with multiple elements. The structural model

quantifies the links between pressures based on Eq. (2) =y A< Lem Fiem S where
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=\s the internal estimation of the pressure j; 3shows that the variable on the left of
this symbol is obtained by a reduction of the variable on the right of this symbol; ks

the path coefficient (regression coefficient of the structural model); is the external
estimation of pressure i; L _ s th®condition for which i is divisible by i is different from
jand F L M i2a non nullity of coefficients (Fernandes, 2012). The algorithm is detailed
in Tenenhaus et al. (2005) and Vinzi et al. (2010). The direct link was first obtained
between each two linked pressures. The indirect link was based on the product of links
between two pressures and an intermediate pressure. The total link resulted from the
sum of direct and indirect links. For each PLS-PM model, direct and indirect links
between pressures and, respectively the sum of PAHs and the sum of iPCBs were
guantified with correlation values. Then, the total links of pressures with POPs
bioavailable contamination were determined in XLSTAT (2019). Indirect links were
mainly negligible due to the construction of the model. The coefficient of determination
R?, representing the explanation of contamination by pressures, was computed.
Significant results were determined by a jackknife method. The link of each pressure

with contamination was analyzed only for significant correlation values higher than 0.1.

3. Results

3.1. Co-occurrence of PCBs and PAHSs bioavailable contamination

The PCA correlation circle revealed a strong structure of correlation among PCBs and
PAHs bioavailable data (Figure 111.2.4). The F1 axis had the most explanation with
56%, followed by the F2 axis with 18%. A clear separation appears between all the
PCBs and PAHSs. These groups of variables, being almost perpendicular, are weakly
correlated. For each group of contaminants (PCBs and PAHS), all the substances were
correlated and, respectively PAHs and PCBs were correlated with the sum of PAHs
and the sum of IPCBs. Though, high molecular weight PAHs (Benzo (b+j)
Fluoranthene, Benzo (k) Fluoranthene, Benzo (g,h,i) Perylene, Benzo (a) Pyrene,

Chrysene and Fluoranthene) were better represented than low molecular weight PAHs
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(Naphtalene, Anthracene, Pyrene, Fluorene and Phenanthrene) on the PCA. This

result confirmed having two respective models for PAHs and PCBs.

1 p— ————
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Figure 111.2.4: Principal component analysis (PCA) correlation circle of links between
groups of PCBs and PAHs on dimension 1 (F1) and dimension 2 (F2).

3.2. Representativeness of pressures at multiple scales

Table [11.2.2 states the correlation of each stressor indicator with its specific pressure
in both PLS-PM models (the PAHs sum model and iPCBs sum model). When a
pressure was represented by only one stressor indicator, the correlation between the
pressure and the stressor indicator was equal to 1. All stressor indicators represented
their specific pressure (non-negligible values). Only population density (at the
upstream influence of 5, 10 and 20 km) in both models and wastewater treatment
plants presence (at the upstream influence of 5, 10 and 20 km) in the PAHs sum model

had low correlations with their pressures. In the PAHs sum model, nonpoint source
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urban density was correlated more with surface of urban land use (at the watershed)
than population density (at the watershed) and inversely in the iPCBs sum model. In
both models, point source urban density was correlated the most with surface of urban
land use at 20 km upstream of the site and correlated the least with population density
at 5 km upstream of the site. Stressor indicators at 5, 10 and 20 km were correlated
differently with their pressure, like for point source industry density, point source urban
density, point source road density and point source landfill density. Dissolved oxygen
is the only stressor indicator with a negative correlation with its specific pressure

(nutrients and organic matter).

Table 111.2.2: Correlations of pressures with their specific stressor indicators for the
PAHs sum model and iPCBs sum model.

Pressure Stressor indicators Correlation of Correlation of
(scales) pressure with pressure with
stressor stressor
indicators of the indicators of the
PAHs sum IPCBs sum
model model
Nonpoint source Number of current 1 1
industry density industries (watershed)
Nonpoint source Surface of urban land 0.99 0.83
urban density use (watershed)
Population density 0.87 0.99
(watershed)
Nonpoint source Density of roads and 1 1
road density highways (watershed)
Coarse sediment Percentage of large 1 1
particles (watershed)
Soil permeability Rock permeability 1 1
(watershed)
Watershed size Watershed surface 1 1
(watershed)
Hydrographic Density of the 1 1
network density hydrographic network
(watershed)
Summer Mean of summer 1 1
precipitation precipitation
(watershed)
Point source Presence of current 0.82 0.86
industry density industries (5 km)
Presence of current 0.44 0.52
industries (10 km)
Presence of current 0.61 0.66
industries (20 km)
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Point source urban | Surface of urban land 0.47 0.33
density use (5 km)
Surface of urban land 0.51 0.40
use (10 km)
Surface of urban land 0.62 0.60
use (20 km)
Population density 0.05 0.018
(5 km)
Population density 0.07 0.036
(20 km)
Population density 0.15 0.12
(20 km)
Wastewater treatment 0.1 0.39
plants presence (5 km)
Wastewater treatment 0.19 0.46
plants presence (10 km)
Wastewater treatment 0.20 0.37
plants presence (20 km)
Point source road | Number of roads (5 km) | 0.81 0.88
density Number of roads 0.25 0.13
(10 km)
Number of roads 0.64 0.47
(20 km)
Point source Presence of current 0.80 0.96
landfill density landfills (5 km)
Presence of current 0.95 0.98
landfills (10 km)
Presence of current 0.87 0.64
landfills (20 km)
Dams Cumulative volume in 1 1
relation to the flow
(reach)
Slope Slope (reach) 1 1
Straightness Rate of straightness 1 1
(reach)
Nutrients and Total Phosphorus (site) | 0.74 0.82
organic matter Nitrites (site) 0.54 0.54
Nitrates (site) 0.50 0.48
Ammonium (site) 0.53 0.63
Dissolved oxygen (site) | i i
Suspended matter (site) | 0.39 0.34
BOD:s (site) 0.89 0.86
Dissolved organic 0.28 0.28
carbon (site)
POPs Bioconcentration of 1 1

contamination

POPs (site)
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3.3. Quantified links between pressures and bioavailable organic contamination

Figure 111.2.5 represents the total links between pressures and the sum of PAH
bioavailable contamination. The R? is equal to 0.345, meaning that 35% of PAH's
bioavailable contamination is explained by the selected pressures. The highest positive
correlation with PAH bioavailable contamination was with point source urban density,
represented mostly by surface of urban land use (0.237). Followed by nutrients and
organic matter (0.205), summer precipitation (0.142), straightness (0.139) and point
source industry density (0.106). No significant negative correlations of pressures with

PAH's bioavailable contamination were reported.
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Figure 111.2.5: Total links between pressures and the sum of bioavailable PAHs
(correlations).
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Figure I11.2.6 represents total links between pressures and PCB bioavailable
contamination. R? is equal to 0.338 meaning that 34% of PCB bioavailable
contamination was explained by pressures. Four pressures are positively correlated
with bioavailable iPCBs: nonpoint source urban density (0.194), nonpoint source
industry density (0.131), nonpoint source road density (0.123) and watershed size
(0.110). No significant negative correlations of pressures with PCB bioavailable

contamination were reported.
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Figure 111.2.6: Total links of pressures with the sum of bioavailable iPCBs (correlations).
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4. Discussion
4.1. PCBs and PAHSs distinctions

According to the PCA (Figure 111.2.4), bioavailable PCBs and PAHs contaminations
were poorly correlated among the experimented sites. Their difference can be possibly
explained by having different sources and/or fate in the environment that we further
investigated based on our conceptual model separately for both families (Figure
[11.2.3). Jones and de Voogt (1999) presented different families of POPSs, including
PAHs and PCBs. They share similarities in terms of hydrophobic properties, adsorption
to sediments (Kimbrough et al., 2008; Mourier et al., 2014), toxicity, persistence,
bioaccumulation and long range transport (Lohmann etal.,, 2007) but differ in
molecular structure (INERIS, 2012; Soleille and Brignon, 2006) and origins
(Olenycz et al., 2015). Figure 111.2.4 also showed correlations between all PAHs with
the sum of PAHs on one side, and all PCBs with the sum of iPCBs on the other side
supporting similarities of substances in each respective family. This supports the
decision of representing each family by, respectively the sum of PAHs and the sum of
iPCBs. The high molecular PAHs were better represented than the low molecular

PAHs on the PCA, probably due to their higher accumulation in gammarids.

4.2. Representativeness of pressures at multiple scales

In the current study, a conceptualized model linking pressures to POPs bioavailable
contamination has been elaborated for the first time and applied at the national scale
of France. There are often accessible data of pressures with wide gradients at a large
spatial scale, but quantification of contamination in multiple sites with contrasted
contamination levels at a large scale remains challenging. The use of active
biomonitoring enabled this nationwide quantification of bioavailable POPs
contamination. This model is constituted by a selection of pressures (anthropogenic
pressures and natural parameters): point source and/or nonpoint source density (of
industries, urban zones, landfills and roads), nutrients and organic matter, dams, slope,
straightness, coarse sediment, soil permeability, watershed size, hydrographic network
density and summer precipitation. The stressor indicators were chosen based on
literature and expertise of ecotoxicologists, hydroecologists, hydromorphologists and

hydrologists, and dependent on the availability of data for all sites. Representing a
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pressure with a group of stressor indicators had the advantage of considering stressor
indicators with different distributions and variable correlations with their pressure
(Table 111.2.2). Since point source urban density was mostly correlated with surface of
urban land use at 5, 10 and 20 km upstream of the site, the link of this pressure with
PAHs contamination will mostly be representative of urban areas and not specifically
wastewater treatment plants and population density. In addition, representing stressor
indicators at multiple spatial scales represented complementary information on the
pressure as for, respectively point source industry density, point source urban density,
point source road density and point source landfill density. The more nutrients and
organic matter increased, the less dissolved oxygen there was. Hypotheses of links
between pressures were used to build the conceptualized structure of the model, in
order to quantify total links of pressures. Depending on data availability, other
pressures and stressor indicators could be added later to the model to test other links.
For example, only current landfills were integrated in the model as an influencing factor
on deposition of PAHs and PCBs, but former landfills could also be considered
because they are potential sources of organic contamination in waste dumping
(Brunet, 2007). In the same way, not only current industries can be considered as
potential sources of PAHs, but also past ones (Bertrand et al., 2015). We chose to
study the links between industries and PAH bioavailable contamination, however the
links with specific types of industries like petrochemical industries could be investigated
(Ravindra et al., 2008).

Regarding hydrology, since caging of gammarids was performed during non-flood
events, the frequency and intensity of floods were not considered. Summer
precipitation was considered to describe the contrast in precipitation between different
sites and geographical zones. We opted for summer precipitation in particular to
represent the precipitation regimes of sites and discriminate more the contrasts in
precipitations between different hydroclimatic zones rather than considering the annual
precipitation mean. Storm weirs, collecting rain and enhancing leaching of pollutants
from soils, could therefore be a complementary pressure (Hubaux and
Perceval, 2011). The increased density of the hydrographic network was an indicator
of possible drainage of more contaminants. The choice of multiple scales enabled the
study of links between pressures and bioavailable organic contamination at multiple

spatial scales. Point source pressures were measured at the local scale of upstream
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influence and nonpoint source pressures were calculated at the watershed scale. We
hypothesized that pressures represented at different scales had different correlations

with bioavailable organic contamination.

4.3. The relationship of bioavailable PAHs with point and nonpoint source pressures

The construction of both models enabled a quantification of links between pressures
and bioavailable organic contamination represented by, respectively the sum of
bioavailable PAHs and the sum of bioavailable iPCBs. The chosen pressures
explained 35% of PAH bioavailable contamination. In our dataset, four environmental
pressures were positively correlated with PAH bioavailable contamination. The first
positive correlation was point source urban density, reflecting a local urban runoff link
with bioavailable PAH. Barhoumi et al. (2019) found that high concentrations of PAHs
were detected in highly populated urban areas due to anthropogenic activities
releasing these contaminants. Then the second positive correlation was with nutrients
and organic matter, it reflected potentially the situation of sites with often more nutrients
and organic matter with increased PAH contamination. This situation can be explained
by runoffs enriched with nutrients and organic matter. For instance, with urbanization,
water quality can be degraded, with a co-occurrence of enrichments with nutrients and
organic matter as well as pollutants (Allan, 2004). Suspended particulate matter, a
stressor indicator of altered water quality, could be adsorbed to PAHs (Li et al., 2020)
and it can be a possible vector of PAHSs to biota. The third positive correlation was with
summer precipitation highlighting that PAH bioconcentration is dependent on a
precipitation zonation. Precipitations are well known to mobilize contaminants like
PAHs present in the atmosphere, to reach the watercourse (Blanchard et al., 2004;
Ollivon et al., 1999). The fourth positive correlation is with straightness, an indicator of
straightening, considered as a morphological alteration. Meandering rivers can induce
more diverse flow and more deposits of fine sediments, thus more diverse
environmental conditions (Garcia etal., 2012) and possibly more denitrification
(Oraison et al., 2011). Simplifying flows and associated deposit forms often observed
in straightened watercourses, as well as artificial riverbanks, can induce less
adsorption of PAHSs to riverbanks and more PAHSs in circulation. This link is highlighted,
but is not a very high correlation, possibly due to the indicator representing a probability

of watercourse physical alteration and also due to other possible sources like
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occurrence of roads next to straightened watercourses. The fifth positive correlation
with point source industry density was supported by literature (Bertrand et al., 2015;
Coles et al., 2012). To summarize, the links of pressures with bioavailable PAHs were
guantified at multiple scales. Bioavailable PAH contamination was influenced by local-
scale pressures, as point source urban density, nutrients and organic matter in the site
and point source industry density, and large-scale pressures such as summer
precipitation in the watershed. As hypothesized in the conceptual model, pressures
considered as vectors of transfer of PAHs (e.g. summer precipitation and straightness)
had an important link with bioavailable PAH contamination (positive correlation). The
developed model may identify environmental drivers of contamination. To manage
bioavailable contamination of PAHS, this first study suggests that studying specific

sources of PAH contamination should be encouraged, as well as factors of transfer.

4.4. The relationship of bioavailable PCBs with nonpoint source pressures

For iPCBs, 34% of contamination was explained by pressures. Three sources of
contamination (nonpoint source urban density, nonpoint source industry density and
nonpoint source road density) were positively correlated with PCB bioavailable
contamination, unlike PAH bioavailable contamination linked with sources and factors
of transfer. These pressures acting mostly on iPCBs bioavailable contamination were
mainly nonpoint source pressures, spatially diffuse, at a large scale. PCBs are banned
from the 80s in France and their emissions in the environment have decreased since
then (CIRE, 2010). PCBs found in the environment are mostly inherited from the recent
past and mobilized by vectors of transfer. They are currently occurring in a diffuse way
in the environment with a link to urbanization, roads and industries (Diamond et al.,
2010). Watershed size was also positively correlated with IPCBs bioavailable
contamination, highlighting the possible influence of large-scale sources of iPCBs that
are more numerous in big watersheds than small ones. Coles et al. (2012) and
Bertrand et al. (2015) declared a relationship between POPs and adsorption to
sediments. Hubaux and Perceval (2011) also highlighted the link between sediments
and PCBs. The coarse sediment indicator aimed to represent the particle size of
sediments to determine the different storage types of iPCBs, from the riverbed to the
floodplain and in more or less erodible geomorphic units. In the current study, there

was no correlation between the particle size, at the watershed scale, and POPs. This
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could be due to differences in timings between releases of POPs during sediment
mobilization when there were floods and exposures of caged gammarids. More
measures could better evaluate this link. In addition, gammarids are exposed in the
water column and sediments are not captured in the cages compartment. Finally, PCBs
adsorbed to fine sediments tend to circulate more in non-flood events and might not

reach gammarids.

4.5. Contrasts in contamination sources

PCBs and PAHs had distinct links with pressures, this can be explained by having
specific sources, factors of storing/transfer and/or different behaviors in the
environment. This difference in distribution of origins can also be explained by the
present specific use of PAH and inversely the past use of stored PCBs present
nowadays in a diffuse way in the environment. PAHs and PCBs seemed to be linked
to different pressures at multi-scale, respectively at local and large scales for PAHS,
and at large scales for iPCBs. These quantifications nationally in France support the
study of Blanchard et al. (2004) showing in the Paris area that PAHs were linked
mostly to urban runoffs and PCBs had nonpoint source origins. Their spatial
distributions displayed urban sources from mostly industries, shipping and/or
commercial zones according to Sprovieri et al. (2007). Some of the results were also
supported by exploratory analysis we performed on the highest contaminated sites. In
these analyzes, sites were often close to urbanized zones, landfills and industries.
Based on our dataset, punctual actions might be useful to reduce PAH contamination
while diffuse PCBs management is challenging due to its past use and diffuse
occurrence. It is also interesting to confront bioavailable PAH and PCB origins to the
origins of other contaminants like pharmaceuticals and metals. Sarkis et al. (2020)
studied the links of pressures with bioavailable metallic contamination in gammarids.
The dominant pressures were different from the ones of bioavailable PAHs and PCBs.
For metals, driving forces (human activities leading to pressures) (Kristensen, 2004)
like anthropogenic land use had an important link with bioavailable metallic
contamination as well as pressures like industry and wastewater treatment plant
density. Finally, having a nationwide dataset of pressures and bioavailable POPs for
245 sites enabled the quantification of general links between them for the first time.

However, these results can be dependent on the gradients of the pressures and
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contamination of the studied measures. Chosen pressures provided a part of the
explanation of bioavailable PAH and PCB contamination. Thus, using a bigger dataset
can confirm the links between environmental pressures and bioavailable organic
contamination (for PAHs and PCBs), and can possibly highlight other links in addition
to providing more explanation. Some dominant pressures had wide gradients (e.qg.
straightness), it is possible that having more measures might increase the gradient of
some pressures and other links to bioavailable POPs contamination might be
guantified. Having a bigger dataset can also quantify links specific to zones with
homogeneous environmental factors like sites in the same altitude or the same
watercourse size. For instance, links can be investigated in lowland and mountain
sites, since sediment types and their stocking capacities are different, thus sediments
might be linked to POPs differently. Quantifying the links between pressures and POPs
seasonally can also be explored, but will imply more frequent active biomonitoring
campaigns at large scale. The temporal variation of PCBs and PAHs can highlight
releases of these contaminants in the environment and can perhaps reveal
complementary links to those we unraveled in this study. For freshwater management,
the current approach could serve as a promising basis to understand the general links
between pressures and bioavailable organic contamination. The sum of PAHs and the
sum of iPCBs are representative of each family of contaminants, the application of the
current approach could be adapted to investigate the links of pressures with specific
PAHs and PCBs. Moreover, it might be helpful to investigate the impacts of pressures,
including bioavailable organic contamination, on freshwater ecosystems (Hering et al.,
2015).

5. Conclusion

To conclude, in this approach:

x For the first time, the links between pressures and, respectively PAH and PCB
bioavailable contamination were quantified with a dataset of 245 sites distributed
at a large scale.

X Active biomonitoring measures took into account bioavailability of these
contaminants with a fine dosage range and enabled a confrontation with pressures

at the national level of France.
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The links were quantified with structural equation modeling (more specifically PLS-
PM) and the dominant pressures acting on bioavailable contamination were
different between PAHs and PCBs.

Point source urban density represented by urban zones at the upstream influence
scale, water quality degradation characterized by nutrients and organic matter at
the site scale, summer precipitation at the watershed scale, straightness at the
reach scale and point source industry density at the upstream influence scale were
linked with positive correlations with PAH bioavailable contamination.

Four pressures at the large scale of the watershed (honpoint source urban density,
nonpoint source industry density, nonpoint source road density, and watershed
size) were linked with positive correlations with PCB bioavailable contamination.
As expected, the dominant pressures were different between PAH (local and large-
scale pressures) and PCB (large-scale pressures) bioavailable contamination
showing quantitatively that the sources and vectors of transfer of these two families
of contaminants were different.

These pioneer results, can highlight the importance of some general pressures
that can be further investigated when managing environmental PCB and PAH
freshwater contamination. This approach can subsequently be applied on a bigger
nationwide dataset to confirm the quantified links and open up new investigations
on POPs origins in specific types of watercourses and at specific seasons. It can
be used in risk evaluation to understand the links between pressures at multi-scale

and the exposition to chemical contamination within aquatic ecosystems.
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CHAPITRE IV : ROLE DE LA TOXICITE SUR LES COMMUNAUTES

Partiel :Est- FH TX{YXQH WR[LFLWp FKLPLTXH IRUWH DJJUDY
pressions anthropiques/état généeral des communautés de

macro invertébrés benthiques?

Syntheése du chapitre 1V, partie 1

/I D GLUHFWLYH FDGUH VXU OfHDX '"&( pODERUpH HQ
FRQGLWLRQV GHV PLOLHX[ DTXDWLTXHV VI{HVW DFFRPSD
programmes nationaux pour prioriser les actions de remédiation de multiples pressions
anthropiques. Ces pressions  (physico-chimiques, occupation du  sol,
K\GURPRUSKRORJLTXHV HWF VRQW VXVFHSWLEOHV GYDYF

biologiques aquatiques.

/ID '&( UHSRVH VXU XQH pYDOXDWLRQ GH OMHWDW pF
aquatiques, construite | SDUWLU GYpFKDQWLOORQQDJHYV GHV FRPPXC
multi-métriques ont été développés et standardisés au niveau européen pour répondre
i FHWWH H[LIJHQFH /YLQGLFH mEFGUR L{QWH PaimeE UapV P X O\
VXUYHLOODQFH GH O &pVéd Wasant R ResL Tohtnunautés de
PDFURLQYHUWPpPEUpV /D '&( LPSRVH pJDOHPHQWG®»MW YDO X!
milieux, via la mesure de substances dites prioritaires. En revanche, la DCE ne
UHTXLgUH SDV DXMRXUGTKXL OD SULYV lh tax@ité-chimBiieH RX O
JOREDOH TXL UpVXOWH GHV HIIHWV GH O fHOQRHPE@IH GHV
GDQV OHV PLOLHX[ &H FRQVWDW HVW VDQV DXRX\Q GRXW

validées et normalisées au moment de la mise en place de cette directive.

Depuis quelques années, de nombreux travaux visent a proposer des outils de
terrain pour évaluer et quantifier la toxicité chimique des milieux. La biosurveillance
DFWLYH EDVpH VXU OfTHQFDJHPHQW GYRUJDQ S\RRIMVXBDR Q/\W L
GYDYRLU DFFqV j OD PHVXUH GH WUDLWYV G 1K LQDWR{LWHOGH
WHOV TXH OH WDX[ GH PRUWDOLWp RX HQFRUH OH WDX[ G

Dans ce chapitre, nous avons cherché a évaluer si la toxicité chimique pouvait
DJJUDYHU OfTHIIHW FRQQX GHV SUHVVLRQWétXue IMI.LQGLFDYV
'HX[ MHX[ GH GRQQpHV RQW pWp XWLOLVpV OQWOPD N X W X
GILQKLELWLRQ GH OfYDOLPHQWDWLRQ HWPRHIWBDPRQ®/@ VXVV
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de SURJUDPPHV GH VXUYHLOODQFH PLV HQ SODFH DU OHYV
JDPPDUHV HQFDJpV j OfpFKHOOH QDWLRQD QI p3iV GH )OD Q
toxicité chimique étaient constitués de 222 mesures de toxicité létale et 101 mesures

de toxicitt SUEOpWDOH 1RXV DYRQV WRXW GYDERUG pYDOXp Ol
FKLPLTXM2H®XQY,OHY HIIHWYVY GHVY VWUHVVHXUV DLRFOXDQW
Enfin, nous avons évalué si une toxicité chimique forte pourrait potentiellement

aggraveU OHV UHODWLRQV HQWUH VWUHVVHXYW. HW pWDW pFR

Une relation linéaire décroissante faible entre les métriques de toxicité chimique
WR[LFLWp OpWDOH HW WR §LeELohsprveeX(EiQueVINMDLCB Ht Figwe O 1,

IV.1.4). Cette faible relation pourrait étre reliée aux gradients de toxicité chimique |étale
et sublétale des jeux de données incluant peu de valeurs de toxicité forte (Figure
IV.1.2). Les stresseurs (modifications hydromorphologiques et, nutriments et matiéres
RUJDQLTXHYV LQFOXDQW OD WR[LFLWp FKLPLTXM2 VRQW
(Figure IV.1.5 et Figure 1V.1.6). Comme attendu, a forte toxicité, quand les stresseurs
DXJPHQWDNMAHPWQRHLW SOXV TX{ Figeé I¥ D.HeVFiBUre FLIV8)
Pour le jeu de données avec la toxicité sublétale, les stresseurs qui varient
significativement selon ce constatsont DPPRQLXP QLWUDWHV UDWLR GfYL
GUDLQDJH WDX[ GH IUDQFKLVVHPHQW HW OH Wia¥d GTXUETL
les métrigues environnementales naturelles comme le taux de végétation a 10 m et le
WDX[ GH YpJpWDWLRQ j P DXJPHQWDLHQWDQW BRY\p\8BWC
référence a forte toxicité Iétale. Pour le jeu de données avec la toxicité sublétale,
OYR[\JgQH GLVVRXV HVW LQFO XationHI Bise>eN c@pt® de RHWWH U
toxicité chimique sur le terrain dans les relations stresseurs/état écologigue apparait
alors comme une piste importante a investiguer. Néanmoins, les liens explorés dans

cette premiere approche restent encore a confirmer.

Enfin de fagon complémentaire, nous avons voulu évaluer le role de la toxicité
FKLPLTXH OpWDOH HWMVdésQup\Wedn@xte déXpoessiofis multiples
(occupation du sol, hydromorphologie, et nutriments et matiéres organiques). En
VILQVSLUDQW GX PRGqOH GH 9LOOHQHXYH HW DOX]| QR
PRGgOHYV GfpTXDWLRQV VWUXFWXUHOOHY SRXU UHVSHFW
incluant la toxicité létale et la toxicité sublétale sur | $M2. Ces travaux ont pu montrer
un effet trés faible de la toxicité chimique par rapport aux effets des cing catégories de

pressions (Figure 1V.1.12 et Figure 1V.1.13).
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Identifying the impact of chemical toxicity on macroinvertebrate communities in
a multi-stressor context at large spatial scale
Noélle Sarkis 2, Olivier Geffard °, Yves Souchon 2, André Chandesris 2, Martial
Ferréol 2, Laurent Valette 2, Adeline Francois °, Jérémy Piffady 2, Arnaud Chaumot °
and Bertrand Villeneuve ©
2 INRAE, UR RiverLy, EcoFlowS, F-69625, Villeurbanne, France
b INRAE, UR RiverLy, Ecotoxicology laboratory, F-69625, Villeurbanne, France
¢ INRAE, EABX, FREEMA, F-33612, Cestas, France

Abstract

Directives like the European Water Framework Directive (WFD) require an
amelioration of surface water quality to ensure better freshwater conditions for living
communities. To reach this target, it is recommended to evaluate nationally: (1) the
ecological status of communities via general multimetrics as the macroinvertebrate-
based multimetric index (I2M2) opted in France and, (2) the impacts of multiple
anthropogenic stressors in particular hydromorphological alterations, eutrophication
and chemical pollution. Nevertheless, it is currently impossible to monitor chemical
contamination of all possible chemical substances discharged in the environment.
Today, chemical toxicity follow up can be suggested as a general indicator of these
mixtures of substances. In France, a large-scale monitoring of chemical pollution is
finally available through in field chemical toxicity measures of caged gammarids. The
current study aims to study for the first time the effect of chemical toxicity on the
ecological status of macroinvertebrate communities in a multistressor context at the
national scale of France. Here, we used active biomonitoring data measuring toxic
pollution through lethal toxicity (222 measures from 2009 to 2010 and, 2012 to 2018)
and sublethal toxicity (101 measures from 2015 to 2017). These newly acquired
chemical toxicity datasets were confronted to other stressors and the ecological status.
We hypothesized that in field chemical toxicity can possibly affect the ecological status
in combination to other stressors. Through exploratory analyses, we first highlighted a
light negative correlation between chemical toxicity and the [2M2 score for good status.
Then, we showed that anthropogenic stressors (hydromorphology, nutrients and
organic matter, and chemical toxicity) were negatively correlated with the [2M2 score
for good status. We also highlighted a possible aggravating effect of chemical toxicity
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on the relationship between stressors and the 12Mz index. In the future, further
investigations concerning the role of in field toxic pollution on the ecological status in a

multi-stressor context are encouraged.

1. Introduction

Over the years, many nations implemented freshwater monitoring programs, like the
European Water Framework Directive (WFD) and the Clean Water Act (CWA) in the
United States of America, to ameliorate environmental conditions of surface water
quality. The WFD requires the evaluation of the ecological status of aquatic
ecosystems in waterbodies and stressors like chemical contamination (European
Commission 2000). Regarding the ecological status, multimetric bioindicators are
developed for general ecological assessments. Invertebrates have often been used to
assess the effects of multiple stressors on freshwater ecosystems (Hering et al. 2006,
Villeneuve et al. 2015). For instance, they are known for their sensibility to oxygen
deficit and toxic substances (Statzner and Béche 2010). They also respond to nutrients
and hydromorphological gradients (Dahm et al. 2013). In France, the surveillance of
the ecological status through macroinvertebrate communities was first based on the
normalized global biological index (IBGN) and currently replaced by the
macroinvertebrate-based multimetric index (12M2). Its application in French wadeable
streams showed a more precise detection of altered conditions (Argillier et al. 2020,
Mondy et al. 2012).

Concerning the evaluation of chemical contamination levels, the WFD defined a list of
45 priority chemical substances that should be followed and should not exceed the
defined quality standards (Brack et al. 2019). However, freshwater ecosystems are
subject to more hazardous substances from different families (heavy metals, polycyclic
aromatic hydrocarbons (PAHS), polychlorinated biphenyls (PCBs), pesticides,
pharmaceuticals, etc.). This monitoring is thus challenging and only focuses on
measures of concentrations of a selection of substances without considering the
toxicity of chemical mixtures present nowadays in water bodies. Chemical toxicity is
defined as the responses of organisms exposed to one or many substances (Brack et
al. 2019, Martinez et al. 2015, Milinkovitch et al. 2019, Wernersson et al. 2015). Today,
we need the evaluation of chemical toxicity in order to determine the effects of these
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multiple contaminants and to assess the global chemical threat. But, chemical toxicity
measures often remain limited to local measures with few large-scale monitoring
programs (Brooks et al. 2020, Schafer et al. 2016). Active biomonitoring (ABM) is a
method assessing aquatic chemical toxicity through the observed effects on
transplanted organisms (Smolders et al. 2003, Wepener 2013). Biological
standardized probes (test organisms) used in ABM are for instance molluscs (Wepener
et al. 2005), fish (Lu et al. 2010, Quesada-Garcia et al. 2013, Wepener et al. 2005)
and gammarids (Brettschneider et al. 2019, Coulaud et al. 2011, Ganser et al. 2019,
Gouveia et al. 2017, Lopes et al. 2020). Organisms like ubiquitous gammarids are able
to quantify chemical toxicity of bioavailable micropollutants present in aquatic systems
at multiple sites (Dedourge-Geffard et al. 2013). In this context, these measures are
comparable between sites at large spatial scales and for different timings (Ciliberti et
al. 2017). The toxicity of chemicals can induce sublethal effects like altered feeding
rates and in more severe situations lethal effects (Kunz et al. 2010). Feeding inhibition,
indicative of toxic effects on digestive enzymes (Charron et al. 2013), is currently used
as a chemical toxicity measure in gammarids (Chaumot et al. 2015, Coulaud et al.
2011, Dedourge-Geffard et al. 2009). In addition, the rate of mortality is representative

of lethal chemical toxicity in gammarids (Charron et al. 2013, Kunz et al. 2010).

To prioritize management actions, understanding the impacts of multiple
environmental stressors on aquatic communities was performed (Allan et al. 2013,
Mantyka-Pringle et al. 2016). For instance, the effects of physico-chemistry, land use
and hydromorphology on fish, diatom and macroinvertebrate groups have been
analyzed for 2302 sites in German and Austrian rivers (Dahm et al. 2013). In this study,
land use at the watershed scale associated to nutrients and hydromorphologic stress
affected all considered organism groups. The responses of fish, benthic invertebrates
and aquatic macrophytes to riparian land use, physical habitat quality and nutrient
enrichment were studied for 1095 sites in a German mountainous catchment
(Gieswein et al. 2017). In this approach, physical stressors had the most effect. The
direct and indirect effects of land use, hydromorphological alterations and, nutrients
and organic matter on the stream ecological status were quantified in French streams
for 1200 sites (Villeneuve et al. 2018). Here, nutrients and organic matter had the most
direct effect on macroinvertebrate communities and hydromorphological alteration had

a major indirect effect. Overall, these studies did not consider chemical pollution.
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Chemical pollution was often studied separately from other pressures (Posthuma et al.
2019). There is an increasing need to understand the responses of communities to
chemical pollution (Brack et al. 2015) in the context of multiple stressors. Therefore,
multi-stressor approaches started integrating chemical stressors. Several studies
investigated the role of chemical contamination on freshwater biology in a multi-
stressor context (Malaj et al. 2014, Schafer et al. 2016, Schmidt et al. 2019). The links
between bioavailable chemical contamination and biology with various metrics were
studied. For instance, Inostroza et al. (2016) showed that the genetic structure of
natural populations and ecologic functions could be altered by contamination. In the
study of Namba et al. (2020), the ecological state of macroinvertebrate communities
was linked to metals. Another research highlighted that the ecological status
decreased with the increase of chemical risk for fish and invertebrates (Malaj et al.
2014). In addition, the abundance of freshwater macroinvertebrate populations
decreased with the increase of integrated bioavailable contamination by respectively
metals and persistent organic pollutants (Alric et al. 2019). Chemical toxicity was
estimated from contamination measures and integrated in these approaches too.
Weber et al. (2018) investigated the applicability of the ecological indicator
SPEARpesiicides (Species at Risk of pesticides), measuring the sensibility of the
biocenose to pesticides toxicity (via toxic units) in small watercourses. Inostroza et al.
(2016) showed that exposure to chemical pollution had an effect on Gammarus pulex
populations. Toxicity from the bioaccumulation of pesticides in gammarids and the

concentrations of pesticides in water explained the change in community structure.

There is a need to evaluate the impact of toxic stress on communities in a multi-
stressor context at a large spatial scale (Brooks et al. 2020, Martinez-Haro et al. 2015).
In the current study, we propose studying the impact of chemical toxicity on the
ecological status of benthic macroinvertebrate communities in a multi-stressor context,
specifically alterations of hydromorphology and nutrients. To achieve this objective, we
used and exploited two large-scale active biomonitoring datasets recently acquired for
lethal toxicity (mortality rate) and sublethal toxicity (feeding inhibition) with caged
calibrated gammarids. Our work focused on three objectives: firstly, we studied the
possible links between the 12M2 index and chemical toxicity (respectively for the two
toxicity metrics); secondly, we highlighted the associations of stressors, including
chemical toxicity, with the [2Mzindex at large spatial scale; and thirdly, we investigated
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the impact of toxicity (respectively for both toxicity metrics) on stressor/I2M:

relationships at large scale.

2. Material and Methods
2.1. Construction of the database on chemical toxicity measured via active

biomonitoring

Active biomonitoring chemical toxicity data was implemented by French water
agencies. The caging procedure is detailed in Alric et al. (2019) and Besse et al.
%ULHIO\ FRQWURO JDPPDULGV IURP WKH p7R2KMG GX S|
and acclimated in the laboratory for three weeks in controlled conditions. Size-
calibrated-males were transplanted in streams of the French surveillance network for
seven days. The in situ exposition was during non-flood events and the cages
contained leaf discs of known surface to measure feeding rates afterwards. Feeding
inhibition was calculated (the calculation is detailed in Coulaud et al. (2011)) and
mortality rate was reported in each site. Sites with low oxygen levels, very high water
hardness and very low temperature, outside the conditions required for the ABM
application, were removed from our datasets. We obtained two datasets with
respectively 222 measures of mortality rate and 101 measures for feeding inhibition.
The mortality dataset covered measures from 2009 to 2010 and 2012 to 2018 while
the feeding inhibition dataset had measures from 2015 to 2017. The sites were
represented all over metropolitan France (Figure IV.1.1) in more hydroecoregions for
mortality rate than feeding inhibition. These datasets contained 59 common sites
between the feeding inhibition dataset (101 sites) and the mortality dataset (118 sites).
59 sites were with only mortality measures and 42 sites were with only feeding
inhibition measures. The gradient of lethal and sublethal toxicity was represented in a
scattergram (Figure 1V.1.2). Lethal toxicity was ranged from 0 to 91.2 and sublethal
toxicity was ranged from 0 to 87.52 (Figure 1V.1.2). Thresholds for high toxicity were
set based on expert knowledge and previous studies. The threshold for high lethal
toxicity was set at 25 (Coulaud et al. 2011), and the one of high sublethal toxicity was
set at 30 (Geffard et al. 2019). For both datasets, there were more low values than

high values. For lethal toxicity, 189 values were below this threshold and 33 values
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were above it. For sublethal toxicity, 30 values were higher than 30 and 71 values were
below 30.

Figure IV.1.1: Distribution of measuring active biomonitoring sites (for lethal toxicity
on the left cartography and sublethal toxicity on the right cartography) over the
hydroecoregions of type 1 in metropolitan France.

Figure IV.1.2: Gradients of lethal toxicity (left scattergram) and sublethal toxicity (right
scattergram).
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2.2. 12M2 measures for the ecological status of benthic macroinvertebrate communities

In the context of the WFD, benthic macroinvertebrate samplings have been performed
in the past at each site of the French national monitoring network. The I2M2 data was
obtained from the French national monitoring network (Naiades). Thus, the protocol
and calculations are briefly detailed here. The standardized 12M2z protocol was followed
and the determination of 17 pressure categories at each site was also determined
previously (Mondy et al. 2012). These pressures were defined by physical, chemical
(substances in water) and hydromorphological stressors (Corneil et al. 2018). The five
metrics constituting the 12M2 (average score per taxon (ASPT), taxonomic richness,
shannon diversity index, the relative abundance of polyvoltine taxa and the relative
abundance of ovoviviparous taxa) were determined for the observed communities.
Ecological quality ratio (EQR) was calculated for each pressure, and integrated both
the typology of the site and the difference to the reference state for each of these five
metrics. The I2M2 score is the arithmetic mean of these 17 indices. The 12M2 multimetric
index gradients varied from near reference state (close to 1) to deviation from the
reference state (close to 0) (Usseglio-Polatera 2016). Further details on the
calculations are presented in Mondy et al. (2012). We obtained the 12M2 score for
wadeable rivers at the closest date to caging measures, up until a maximum one-year
difference between the 12M2 and the caging measures to avoid big delays between

chemical toxicity and ecological responses.

2.3. Pressures and stressors indicators at multi-scale

We have chosen: hydromorphology and, nutrients and organic matter because they

can act on macroinvertebrate benthic communities. We listed their measured stressor

indicators with the data sources (Table IV.1.1). The drainage ratio and the irrigation

ratio were used to represent the possible disturbance caused by the arrival of
sediments and contaminants. The rate of trees on banks (10 m from the watercourse)
and the rate of vegetation on banks (30 m from the watercourse) were used to evaluate
the buffer effect of vegetation possibly stopping the arrival to the watercourse of
stressors like contaminants. The rate of artificial land use near riverbed represented
the impermeability of the artificial soils near the stream, possibly increasing the runoff

of sediments and contaminants. The rate of stream crossings by roads can be a
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possible source of contaminants from roads. Total Phosphorus, nitrites, nitrates and
ammonium are nutrients able to cause eutrophication of watercourses and degradation
of water quality at high concentrations. We also suspect that in altered sites, the
occurrence of nutrients can be accompanied with an occurrence of chemical
contaminants. Water quality can also be influenced by dissolved oxygen and BODs

(Biochemical Oxygen Demand for five days).

Table IV.1.1: Stressors affiliated to pressures and their dataset sources.

Stressors Data sources
Drainage ratio Aléa érosion des sols (Montier et
al. 1998)

Irrigation ratio

5DWH RI WUHHV RQ EDQNYV {BD TOPO (IGN 2020)

5SDWH RI YHIHWDWLRQ RQ E
YHIHWDWLRQ"

Rate of artificial land use near riverbed

Rate of stream crossings

Total Phosphorus French national database of water
Nitrites quality (Naiades)

Nitrates

Ammonium

Dissolved oxygen

BODs

de Vries et al. (2020) highlighted the importance of considering the suitable spatial
scale for each stressor. The watershed for large-scale stressors was defined based on
a digital elevation model (DEM). This scale was associated with drainage ratio and
irrigation ratio. The reach scale for specific segments of the watercourse with similar
hydrologic conditions, was affiliated to the rate of trees on banks, the rate of vegetation
on banks, the rate of artificial land use near riverbed and the rate of stream crossings.

The delimitation of reaches was extracted from the project « Systemes relationnel
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GIDXGLW GH OYK\GURPRUSKR (BRRAHHCE) K\MdlefieReX bl.Y2@AH D X
(Irstea/ONEMA 2017). The site scale was used for punctual locations, more specifically
for stressors of nutrients and organic matter and chemical toxicity. At each active
biomonitoring site, the selected stressor indicators values were determined at the

chosen spatial scale.

2.4. Statistical analyses

To study if chemical toxicity had an important role on macroinvertebrate communities,
we performed three main analyses. Firstly, the 12M2 measures were confronted to
chemical toxicity (respectively lethal toxicity and sublethal toxicity) measures in a
scatterplot with linear regressions to evaluate the 12M2/chemical toxicity general links.
We expected chemical toxicity to have a negative correlation with the good ecological
status represented with the [2M2 index. Secondly, the links between stressors,
including respectively lethal and sublethal toxicity, with the 12M2 index were highlighted
in a principle component analysis (PCA). When these pressures increased, we
expected a more deteriorated ecological status. Thirdly, scatterplots of links between
the I2M2 index and each stressor of: (1) nutrients and organic matter and, (2)
hydromorphology were represented with a separation between the absence and the
presence of chemical toxicity data. In the current analyses, we focused on the following
hypothesis that polluted waters can aggravate the effects of respectively nutrients and
altered hydromorphology.

When the link between the 12M2 metric and a stressor was represented with sparse
points, highlighting a wide distribution, the linear regression between the 12Mz index
and the stressor was represented based on the whole dataset. For example, the 12M2
values depending on nitrate variations was represented with a linear regression based
on each category of toxicity for the whole dataset. In the occurrence of few out of the
lot values called outliers, scatterplots and linear regressions were represented without
these outliers. For the lethal toxicity dataset, the distribution of ammonium, BODs,
nitrites and total phosphorus, were obtained without outliers. For the sublethal toxicity
dataset, the distribution of ammonium, BODs and the rate of artificial land use near
riverbed, were performed without outliers. The choice of considering outliers is tricky,

because they are valid stressor values that occur in the environment but when they
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are not considered in big numbers in our dataset they can weight on the links and blur

the information since they do not occur frequently.

Analysis of covariance (ANCOVA) testing was used when having quantitative variables
(nutrients and organic matter, hydromorphology and the [2M2 index) and qualitative
variables (absence and presence of chemical toxicity). A linear model 1 was modeled

following the principle of equation (1).
Equation (1): 12M2 = stressor + group of chemical toxicity
Then, a linear model 2 was modeled following the principle of equation (2).

Equation (2): 12M2 = Stressor + group of chemical toxicity + interaction between

stressor and group of chemical toxicity

The coefficient of determination R? was determined for each model. The significativity
of intercept differences at absence and presence of chemical toxicity was quantified
via model 1 (marked with * when lower than 0.05 and thus significative). The
significativity of slope differences at absence and presence of chemical toxicity was
guantified via model 2 (marked with * when lower than 0.05 and thus significative).
When at least one output for either the intercept or the slope was significant, the
variable was highlighted in bold. For variables with outliers, the scatterplots, the linear
regressions and the ANCOVA analyses were performed without the outliers to

represent more reliable linear regressions.

3. Results

3.1. The links between the ecological status and chemical toxicity

Figure IV.1.3|presents the relationship between chemical toxicity and the [2M2 index.

When lethal toxicity in gammarids increased, the 12M2 index decreased (Figure IV.1.3),

nevertheless with few high lethal toxicity values. When sublethal toxicity increased, the

[2M2 index decreased (Figure 1V.1.4). Nevertheless, there were no clear separation in

variation between low and high sublethal toxicity values. The slope of the linear

regression with lethal toxicity was higher than the slope of sublethal toxicity.
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Figure IV.1.3: Scatterplot of the link between 12M2 and lethal toxicity (purple dots) with
a linear regression (blue line).

Figure IV.1.4: Scatterplot of the link between 12M> and sublethal toxicity (purple dots)
with a linear regression (blue line).

3.2. The links between the ecological status and chemical toxicity in a multi-stressor

context

For the lethal toxicity dataset, the PCA has 31% of explanation on the F1 axis and 19%
on the F2 axis (Figure IV.1.5). For the sublethal dataset, the PCA has 32% of
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explanation on the F1 axis and 22% on the F2 axis (Figure IV.1.6). For both PCAs, the

[2M2 index is positively correlated the most with dissolved oxygen then with the rate of
vegetation on banks and the rate of trees on banks. In the lethal chemical toxicity
dataset, the 12M2 index is negatively correlated the most with total phosphorus, then
the irrigation ratio, the rate of artificial land use near river bed, the rate of stream

crossings, the drainage ratio, nitrates, ammonium, BODs, nitrites and lethal toxicity

Figure 1V.1.5). Hydromorphological variables at the reach scale were associated

together. Nutrients and organic matter and chemical toxicity at the site scale as well as
hydromorphology variables at the watershed scale were associated. Nitrates, the
drainage ratio and the irrigation ratio arrows on the PCA were short so not well
represented. In the sublethal chemical toxicity dataset, the 12M2 index is negatively
correlated the most with BODs, then with the irrigation ratio, nitrites, total phosphorus,

the drainage ratio, ammonium, the rate of artificial land use near river bed, the rate of

stream crossings and sublethal toxicity (Figure 1V.1.6). Hydromorphological variables

at the reach scale were associated with sublethal toxicity. Nutrients and organic matter
at the site scale as well as hydromorphology variables at the watershed scale were
associated. Nitrates and sublethal toxicity arrows on the PCA were short so not well

represented.
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Figure 1V.1.5: Principal component analysis (PCA) of links of pressures with [2M2 on
communities in the lethal toxicity dataset.
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Figure IV.1.6: Principal component analysis (PCA) of links of pressures with 12M2 on
communities in the sublethal toxicity dataset.

198



CHAPITRE IV : ROLE DE LA TOXICITE SUR LES COMMUNAUTES

3.3. Combined effect of toxic pollution and stressors on the status of benthic

macroinvertebrate communities

The linear regressions of the [2M2 index with stressors were obtained, for no lethal
toxicity (with 189 values) and for lethal toxicity (33 values) (Figure 1V.1.7). The
increasing regression with lethal toxicity data (in red) was significatively below the
increasing regression with no lethal toxicity data (in blue) for the following stressors:
the rate of trees on banks and the rate of vegetation on banks. The ANCOVA outputs

for model 1 and 2 including the significativity of differences between respectively slopes

and intercepts and the R? for model 1 and model 2 were presented (Table 1V.1.2). For

the regressions with the rate of trees on banks and the rate of vegetation on banks,
the intercept was different for lethal toxicity and no lethal toxicity. The R? of model 2
increased compared to model 1 for nitrates, the drainage ratio, the rate of trees on
banks and the rate of vegetation on banks. The results were considered with caution
when the R? was lower than 0.10 for the drainage ratio, the rate of trees on banks and

the rate of vegetation on banks. Non-statistically-significative regressions were

represented in|Figure 1V.1.9
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Figure IV.1.7: Impact of lethal toxicity on the 12M2/Stressor link (scatter plot with linear
regressions for no lethal toxicity data in blue diamonds and lethal toxicity data in red
triangles).
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Table IV.1.2: ANCOVA outputs for the lethal toxicity dataset with stressors in bold
when the slope and/or the intercept is with significant differences between no lethal

toxicity and lethal toxicity (Pvalue <0.05).

on banks

Stressor Pvalue model | Pvalue model | R2modell | R?model 2

1 indicative of | 2 indicative of

intercept slope

difference difference
Ammonium 0.28 0.70 0.23 0.23
Dissolved oxygen 0.44 0.42 0.13 0.13
BODs 0.39 0.70 0.21 0.21
Nitrites 0.29 0.99 0.32 0.32
Nitrates 0.08 0.23 0.10 0.11
Total phosphorus 0.37 0.50 0.34 0.34
Irrigation ratio 0.49 0.92 0.13 0.13
Drainage ratio 0.24 0.56 0.095 0.097
Rate of stream 0.12 0.56 0.11 0.11
crossings
Rate of artificial land | 0.10 0.16 0.13 0.13
use near riverbed
Rate of trees on 0.045* 0.066 0.054 0.069
banks
Rate of vegetation 0.018* 0.060 0.076 0.091
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The linear regressions of the 12Mz index with stressors were obtained, for no sublethal

toxicity data (71 values) and sublethal toxicity data (30 values) (Figure IV.1.8). The

increasing regression with sublethal toxicity data (in red) was significatively below the
increasing regression with no sublethal toxicity data (in blue) for the following stressors:
dissolved oxygen, rate of trees on banks and rate of vegetation on banks. The
decreasing regression with sublethal toxicity data was significatively below the
decreasing regression with no sublethal toxicity data for the following stressors:

ammonium, nitrates, irrigation ratio, the drainage ratio, the rate of stream crossings

and the rate of artificial land use near riverbed.|Table 1V.1.3|summarizes the ANCOVA

outputs for the sublethal toxicity dataset. It shows ammonium, dissolved oxygen,
nitrates, the irrigation ratio, the drainage ratio, the rate of artificial land use near
riverbed, the rate of trees on banks and the rate of vegetation on banks with at least a
significant difference of intercept or slope. The R? of model 2 increased for dissolved
oxygen, nitrates, the irrigation ratio, the drainage ratio, the rate of stream crossings,
the rate of trees on banks and rate of vegetation on banks, compared to the R? of

model 1. Non-statistically-significative regressions were represented in|Figure 1V.1.10

202



CHAPITRE IV : ROLE DE LA TOXICITE SUR LES COMMUNAUTES

Figure 1V.1.8: Impact of sublethal toxicity on the I>2Mz/stressor link (scatter plot with
linear regressions for no sublethal toxicity data in blue diamonds and sublethal toxicity
data triangles in red).
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Table IV.1.3: ANCOVA outputs for the sublethal toxicity dataset with stressors in bold
when the slope and/or the intercept is with significant differences between no sublethal
toxicity and sublethal toxicity (Pvalue <0.05).

banks

Stressor Pvalue model 1 Pvalue model 2 | R? model 1 | R? model 2

indicative of indicative of

intercept slope

difference difference
Ammonium 0.04* 0.85 0.16 0.16
Dissolved oxygen 0.004** 0.024* 0.15 0.19
BODs 0.06 0.67 0.17 0.17
Nitrites 0.050 0.81 0.18 0.18
Nitrates 0.006** 0.01* 0.11 0.17
Total phosphorus 0.07 0.85 0.17 0.17
Irrigation ratio 0.004** 0.26 0.25 0.26
Drainage ratio 0.002** 0.23 0.17 0.18
Rate of stream 0.04* 0.38 0.11 0.12
crossings
Rate of artificial land 0.04* 0.71 0.11 0.11
use near riverbed
Rate of trees on 0.02* 0.34 0.09 0.10
banks
Rate of vegetation on | 0.02* 0.068 0.12 0.15
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4. Discussion

4.1. Synthesis of the main outcomes

The present study focused for the first time on the role of chemical toxicity (measured
directly in the field via active biomonitoring) on the ecological status of
macroinvertebrate communities in a multi-stressor context. Firstly, we have shown that
the [2M2 index was negatively correlated with respectively lethal chemical toxicity and
sublethal chemical toxicity. Secondly, we highlighted that anthropogenic pressures,
including hydromorphological alterations, nutrients and, respectively lethal chemical
toxicity and sublethal chemical toxicity, were negatively correlated with the 12Mz index.
While natural metrics (dissolved oxygen, the rate of trees on banks and the rate of
vegetation on banks) were positively correlated with the 12Mz index. Thirdly, we
illustrated how the relationship between some stressors and the I2Mz index can be
aggravated by respectively lethal chemical toxicity and sublethal chemical toxicity. In
the lethal toxicity dataset, the good ecological status increased with respectively the
rate of trees on banks and the rate of vegetation on banks. But, the intercepts of the
regressions between the ecological status and these factors were different, with the
absence of lethal toxicity and the presence of lethal toxicity. In the sublethal toxicity
dataset, the same situation occurred for the same variables and for dissolved oxygen.
For nitrates, ammonium, the irrigation ratio, the drainage ratio, the rate of stream
crossings and the rate of artificial land use near riverbed, the intercept differed between
no sublethal toxicity and sublethal toxicity. The 12M2 was lower (far from the reference)

with the increase of these variables with sublethal toxicity.

4.2. Role of toxic pollution on the ecological status of benthic macroinvertebrate

communities in a multi-stressor context

In the current study, we investigated the influence of in field chemical toxicity on the
ecological status. In both scatterplots of the [2Mz index in regard to chemical toxicity
Figure IV.1.3|and|Figure IV.1.4] ZKHQ WKH FKHPLFDO WR[LFLW\ PHWUL
SVXEOHWKDO \aded Ltrel ¥y muliprietddddecreased and moved away from
the near reference state. For lethal toxicity, the decrease was more important than for

sublethal toxicity. Other studies highlighted that chemical contamination can limit the

occurrence of a good ecological status (Malaj et al. 2014, Posthuma et al. 2020). The
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literature also showed that estimated chemical toxicity (often for pesticide
concentrations) was also associated to an altered ecological status (Inostroza et al.
2016, Weber et al. 2018). Nevertheless, the occurrence of few high chemical toxicity

values limited our analysis (Figure IV.1.2). In order to have more robust linear

regressions, a wider gradient of chemical toxicity is necessary, thus considering more
sites with high chemical toxicity is recommended. Currently, in field chemical toxicity

data from caging of gammarids are increasing in France and can confirm more robust

links. Results in|Figure IV.1.3|and|Figure 1V.1.4|were completed with an investigation

of stressor/ecological status links in a multi-stressor context.

For the lethal and sublethal toxicity datasets, Figure IV.1.5 and Figure IV.1.6 confirm
that all stressors with possible harmful effects on biology (hydromorphology, nutrients
and organic matter and chemical toxicity metrics) were negatively correlated with the
bad ecological status of communities. While more natural metrics (dissolved oxygen,
rate of trees on banks and rate of vegetation on banks) were positively correlated with
the good ecological status of communities. The dominant impacts were specific to
stressors like total phosphorus and the irrigation ratio. Invertebrates are known to be
sensible to nutrients (Gieswein et al. 2017) as well as inputs of sediments influenced
by hydromorphology (Miler and Brauns 2020). Shi et al. (2019) also highlighted the
important contribution of physico-chemical parameters firstly and hydromorphological
parameters secondly on benthic macroinvertebrate integrity. In addition, the toxic units
of over a hundred organic substances were correlated with hydromorphology (Schéfer
HW DO ,Q ERWK 3&%V ZKHQ WKH FKHPLFDO WRJ[LFLW:!
SVXEOHWKDO WR][L F LW\nultiQdtrid tebréased and/rkoded away from the
near reference state. The impact of chemical toxicity (estimated from concentration
effects) was lower than other stressors like highlighted by Rico et al. (2016) where
physico-chemical parameters influenced the most on invertebrate communities. Lemm
et al. (2020) highlighted the descending importance of altered hydromorphology,
nutrient enrichment and toxic substances estimated from concentration effects.
Sabater et al. (2016) found that the biological communities of diatoms and
invertebrates responded to multiple stressors (10% of share from nutrients, altered
discharges and dissolved organic matter, 6% from land use occupation and 2% from
organic micropollutants like herbicides and neonicotinoids). The usage of either
sublethal toxicity or lethal toxicity in this type of multivariate analysis provided similar
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information, it is possible that the occurrence of common sites in both datasets can
explain these similarities. These analyses linking stressors, including toxic pollution, to
the 12M2 multimetric can serve as a basis to further investigate these links. Previous
research showed that organic toxicity contributes to the ecological risk of rivers, while
habitat degradation and nutrients are the major stressors (Schafer et al. 2016). Schmidt
et al. (2019) quantified the responses of multiple stressors on the integrity of biological
communities, using passive samplers to measure pesticides. The dominant stressors
were pesticides, ammonia and channel erosion. The differences in data (for example,
contamination in their case and chemical toxicity in ours) and the number of measures

might explain such differences between our results and the ones of this study.

4.3. Influence of toxic pollution on the status of benthic macroinvertebrate communities

in combination with stressors

Chemical toxicity can aggravate the relationship between other stressors and
communities status. The gradients of stressors and chemical toxicity played an
important role in the analyses and were either wide or specific to certain conditions

with some outliers (Figure 1V.1.7 and|Figure 1V.1.8). On one hand, considering the

whole dataset in these analyses was important for studying global influences. On the
other hand, performing some analyses without the outliers enabled studying influences
in dominant conditions for stressors. Natural environmental factors, as the rate of trees
on banks and the rate of vegetation on banks, was accompanied with lower 12M2 values
and lethal toxicity compared to no lethal toxicity. Nevertheless, these results must be
considered carefully since only two out of twelve relationships between stressors/I2M2
index were significatively aggravated with chemical toxicity (lethal toxicity). This is the
case of the rate of trees on banks and the rate of vegetation on banks with a

significatively different intercept at lethal toxicity and no lethal toxicity.

Testingthe LQIOXHQFH RI DQRWKHU FKHPLFDO WR[LFLW\ PHWU
VLPLODU SDWWHUQV WKDQ 3OHWKDO WN\R[é&l&ibnghips weileQ RXW R
significatively aggravated with chemical toxicity increase. These stressors were
ammonium, dissolved oxygen, nitrates, the irrigation ratio, the drainage ratio, the rate
of stream crossings, the rate of artificial land use near riverbed, the rate of trees on

banks and the rate of vegetation on banks.
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Interactions between stressors are possible (Piliere et al. 2014, Schinegger et al. 2016)
and needed to be described and considered more frequently (de Vries et al. 2020), like
the combination of hydromorphological alteration and eutrophication (Blécher et al.
2020, Davis et al. 2019). To our knowledge, we did not find a study on the interaction
between chemical toxicity measured in the field and respectively nutrients and
hydromorphology, but we found papers studying the interactions between these
stressors and chemical contamination. For instance, Alexander et al. (2013) suggested
a combined effect of nutrients and chemical substances on community responses.
They experimented in a stream-side artificial stream setup and obtained that high toxic
units (estimated effects from concentrations of contaminants) of insecticides were
more toxic in mesotrophic conditions (moderate quantities of nutrients). Lemm et al.
(2020) also highlighted the importance of stressor interactions between nutrient
enrichment and toxic substances on the ecological status. It was also emphasized that
50% of responses of communities were explained by combinations of nutrients and an
LQVHFWLFLGH 3LPLGDFORSULG™ $OH[DQGHU HW DO
are strong in heavily polluted aquatic systems (Maltby 1995). Concerning nutrients
effect, Nessel et al. (2021) evaluated the impact of nitrogen on the structure of
invertebrates. In addition, nitrate is known to have an impact on invertebrates
(Camargo et al. 2005). Here, we hypothesized a higher impact of nitrates on biology
when combined with sublethal chemical toxicity. Moreover, at high chemical toxicity,
the increase of drainage ratio was linked to a lower 12M2 compared to no chemical
toxicity. Drainage can be representative of the arrival of sediments to the watercourse
linked to toxicants. It was stated that the bioavailability of certain toxicants can be
influenced by sediments (Burton and Johnston 2010). In another study, the interaction
between pesticides and degraded habitats was investigated (Rasmussen et al. 2012).
And there was an increase in pesticides effects on macroinvertebrate abundance of
species at risk (SPEAR index) with the occurrence of degraded habitats. These
habitats were often accompanied with slower flow and less oxygen. Weber et al. (2018)
studied the impacts of estimated toxic units of pesticides as well as hydromorphology
on an ecological indicator, and suggested considering toxicity parameters in parallel to
hydromorphology. Finally, Table IV.1.3 highlighted more significative differences in
stressors effects with sublethal toxicity dataset compared to lethal toxicity dataset. This

can be due to the smaller number of data for sublethal toxicity dataset in comparison
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with the one of lethal toxicity. The use of two metrics representing chemical toxicity

(lethal and sublethal toxicity) enabled the evaluation of complementary links.

4.4. Approach adaptations

The present approach can serve as a methodology to understand multi-VWUHVVRU{V
impacts on benthic macroinvertebrate communities. It considered the effects of
nutrients and organic matter, hydromorphology and chemical toxicity on the ecological
status. We have seen some links with either nutrients and organic matter or
hydromorphology, and chemical toxicity on the 12Mz index. The stressor, the biological
and the chemical toxicity data were compiled for the same location at the closest date
but still a temporal and spatial scale gap could have occurred, possibly explaining why
some links did not stand out. Due to this lag, the exposition to toxicants might have
been associated to recovered communities (Malaj et al. 2014). A harmonization of

biological and chemical surveillance is recommended to reduce this temporal bias.

The highlighted relationships are indicative of possible links but considering bigger

datasets will confirm them. The chemical toxicity gradient for instance was mainly

focused on low toxicity with few high toxicity measures (Figure IV.1.2) because the

sampling campaigns were not high-toxicity focused (with important sources of
chemical contamination). The developed approach can be applied on more recent
datasets in France, as currently more chemical toxicity data are measured in the field.
The same evaluations can be applied on other active biomonitoring probes with
possible different chemical toxicity effects. However, to our knowledge only active

biomonitoring of caged gammarids was available at large spatial scale.

To understand more specific impacts of stressors on communities, trait approaches
can also be considered (Usseglio-Polatera et al. 2001). The studied biological
hierarchy is also important to consider. Hodkinson and Jackson (2005) explain for
instance that the individual scale can respond to pollution while communities can
respond to stressors like deforestation. Considering the community level can be
double-edged because it takes into account the response of different populations.
Communities are integrative of responses to anthropic perturbations and might not be

stress-specific markers (Martinez-Haro et al. 2015). It can also be useful to identify the
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taxonomic composition of communities present in the studied sites, because certain
groups can be dominant and representative of the presented ecological status. Testing
the same methodology on different communities can highlight supplementary links
because each community can be sensitive to various dominant stressors and the
scales of management action would thus be different (Dahm et al. 2013, Gieswein et
al. 2017).

5. Conclusion

The current study linked in field chemical pollution to the ecological status of
macroinvertebrate communities in a multi-stressor context and presented the role of
toxic pollution on the links between stressors and the ecological status. Sublethal and
lethal chemical toxicity metrics were used. We showed that when in field chemical
toxicity metrics increased, the 12M2 multimetric index decreased. This can highlight the
links between toxic pollution and the ecological status. We also proposed considering
in field chemical toxicity metrics in a multi-stressor context. Stressors like
hydromorphological alteration, nutrients and organic matter, and toxic pollution were
negatively correlated with the 12M2 index. While more natural environmental
parameters (dissolved oxygen, rate of trees on banks and rate of vegetation on banks)
were positively correlated with the 12Mz index. We suggested that chemical toxicity can
possibly aggravate the links between stressors and the I2Mz index (nutrients, irrigation
and drainage ratio, runoffs from roads and urban zones). This preliminary approach
can be used as a base to further assess the effect of chemical toxicity on freshwater

communities exposed to multiple anthropogenic stressors.

Supplementary information

For the lethal toxicity dataset, the 12M2 index decreased with the increase of the
following stressors: ammonium, BODs, nitrites, nitrates, total phosphorus, irrigation

ratio, drainage ratio, rate of stream crossings and rate of artificial land use near

riverbed (Figure 1V.1.9). The regression with lethal toxicity data was below the

regression with no lethal toxicity data even though this difference was not significative
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Table 1V.1.2). Thus, for a specific value of the stressor, the 12M2 index was further from

the reference with lethal toxicity than with no lethal toxicity.
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Figure IV.1.9: Impact of lethal toxicity on the 12M2/Stressor link (scatter plot with linear
regressions for no lethal toxicity data in blue diamonds and lethal toxicity data in red
triangles) with non-significative differences.
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For the sublethal toxicity dataset, the 12M2 index decreased with the increase of the
following stressors: ammonium, BODs, nitrites, nitrates, total phosphorus, irrigation

ratio, drainage ratio, rate of stream crossings and rate of artificial land use near

riverbed (Figure 1V.1.10). The regression with sublethal toxicity data was below the

regression with no sublethal toxicity data even though this difference was not

significative (Table IV.1.3).

Figure 1V.1.10: Impact of sublethal toxicity on the 12M2/Stressor link (scatter plot with
linear regressions for no sublethal toxicity data in blue diamonds and sublethal toxicity
data in red triangles) with non-significative differences.
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Modele pressions-impacts tenant compte de la toxicité chimique

Nous avons ensuite construit un modele pressions-impacts PLS-PM tenant compte de

la toxicité chimique mesurée par biosurveillance active (encagement de gammares).

/IH EXW pWDLW GH WHVWHU OfHIIHW UHODB VOUYIHQ@N HPE OWR [G&H
pressions prises en compte dans les modeéles pressions-impacts existants. Nous

DYRQV SRXU FHOD pPLV OYfK\SRWKgVH GiX@GLIARSSIBFW VSp
complexe de pressions (artificialisation, agriculture intensive, agriculture faible,

paysage naturel, nutriments et matieres organiques, altération hydromorphologique,
UHVSHFWLYHPHQW OD WR[LFLWp FKLPLTXH OpWDOH HW OD
JpQpUDO GHV FRPPXQDXWpV GH PDFURLQMHWiMgiplEpV EHQ
pressions O L p Haxtificidighation, @dficulture intensive, @dficulture faible, @lferation
hydromorphologique, les nutriments et la matiere organique et respectivement la

toxicité chimique létale et la toxicité chimique sublétale) pourraient a priori étre
FRUUpOpHYVY QpJDWLYHPHQW DYHF OfpWDW PpFRORJLTX
macroinvertébrés. Une occupation du sol non anthropisée pourrait a contratio étre

corrélée positvement DYHF OfpWDW JpQpUDO GHV FRPPXQDXWpV
EHQWKLTXHY /THQVHPEOH GH FHV K\SRWKqgVHYVableRuQW DS S X

IV.1.1).
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Tableau IV.1.1: Hypothéses de liens entre les pressions et OfpWDW JpQpUDO
communauteés, appuyées par la littérature.

Pression 1

Pression 2

Référence

Artificialisation

Nutriments et matieres

organiques

(Kaushal et al. 2014)

Agriculture intensive

Nutriments et matieres

organiques

(Feld et al. 2018)
(Davis et al. 2019)
(Matthaei et al. 2010)

(Riseng et al. 2011)

Agriculture faible

Nutriments et matiéres

organiques

(Kaushal et al. 2014)

(Riseng et al. 2011)

Paysage naturel

Nutriments et matiéres

(Kaushal et al. 2014)

organiques
Altération Nutriments et matieres (Oraison et al. 2011)
hydromorphologique organiques (Kail and Hering 2009)
Artificialisation Altération (Paul and Meyer 2001)
hydromorphologique
Agriculture intensive Altération (Davis and Bidwell 2008)
hydromorphologique (Davis et al. 2018)
(Davis et al. 2019)
Agriculture faible Altération (Davis and Bidwell 2008)
hydromorphologique

(Davis et al. 2018)

(Davis et al. 2019)
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Paysage naturel Altération (Paul and Meyer 2001)
hydromorphologique

Artificialisation Toxicité chimique (Wang et al. 2008)

Agriculture intensive Toxicité chimique (Davis and Bidwell 2008)

Agriculture faible Toxicité chimique (Davis and Bidwell 2008)

Paysage naturel Toxicité chimique (Wang et al. 2008)

Nutriments et matiéres | Toxicité chimique (Alexander et al. 2013)

organiques

Altération Toxicité chimique (Kail and Hering 2009)

hydromorphologique

Artificialisation Communautés (Roy et al. 2003)

(Donohue et al. 2006)
(Jones and Leather 2012)
(Sterling et al. 2016)

(Grizzetti et al. 2017)

Agriculture intensive Communautés (Davis and Bidwell 2008)
(Schmidt et al. 2019)

(Riseng et al. 2011)

Agriculture faible Communautés (Riseng et al. 2011)
Paysage naturel Communautés (Roy et al. 2003)
Nutriments et matieres | Communautés (Davis et al. 2018)
organigues

(Glendell et al. 2019)
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Altération Communautés (Garcia et al. 2012)

hydromorphologique (Lorenz and Feld 2013)
BUEDQLD

(Davis et al. 2019)

(Brettschneider et al.
2019)

(Blocher et al. 2020)

Toxicité chimique Communautés (Funck et al. 2013)
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Nous nous sommes appuyeés sur les travaux de Villeneuve et al. (2018) pour
développer un modele structurel multi-pressions et multi-échelles reprenant
O T H Q V H P E Orpdindses Hrivegrant les mémes catégories de pressions et en 'y
DMRXWDQW OD WR[LFLWp SRXU HQ PHVXUHU OfHIIHW UHOTL

'‘DQV FHWWH pWDSH SUpDODEOH QRXV DYRQV UHFHW@WVp OfH
de construire les pressions représentées dans le modéle (Tableau 1V.1.2).

Tableau IV.1.2: Stresseurs affiliés aux pressions et les sources des données.

Pressions Stresseurs Source des données
Artificialisation Pourcentage de surface de tissu | Corine Land Cover 2012
urbain continu +R FLaR DQG 7RP
2014)

Pourcentage de surface de tissu
urbain discontinu

Pourcentage de surface de
zones industrielles et
commerciales

Pourcentage de surface des
réseaux routier et ferroviaire et
espaces associés

Pourcentage de surface
GIH[WUDFWLRQ GH H

Pourcentage de surface de
décharges

Pourcentage de surface des
espaces verts urbains

Pourcentage de surface
GIpTXLSHPHQWYV VS

loisirs

Agriculture intensive Pourcentage de surface de Corine Land Cover 2012
terres arables hors périmetre )
GILUULJDWLRO +R FLAR DQG 7RP

2014)

Pourcentage de surface de
vignobles
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Pourcentage de surface de
vergers et petits fruits

Pourcentage de surface de
systémes culturaux et
parcellaires complexes

Pourcentage de surface de
cultures annuelles associées
aux cultures permanentes

Agriculture faible

Pourcentage de surface de
prairies

Pourcentage de surface de
territoires principalement
RFFXSpV SDU OfDJU
présence de végétation

Corine Land Cover 2012

+R FLAR DQG 7RP
2014)

Paysage naturel

Pourcentage de surface de
foréts de feuillus

Pourcentage de surface de
foréts de coniféres

Pourcentage de surface de
foréts mélangées

Pourcentage de surface de
pelouses et paturages naturels

Pourcentage de surface de
landes et broussailles

Pourcentage de surface de
végeétation sclérophylle

Pourcentage de surface de forét
et végétation arbustive en
mutation

Pourcentage de surface de
roches nues

Pourcentage de surface de
végétation clairsemée

Corine Land Cover 2012

+R FLAR DQG 7RP
2014)
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Pourcentage de surface de
marais intérieurs

Pourcentage de surface de
tourbieres

Pourcentage de surface de
FRXUV HW YRLHV G

Pourcentage de surface de
SODQV GYHDX

Altération
hydromorphologique

Ratio de drainage

Ratio irrigation

Aléa érosion des sols
(Montier et al. 1998)

Présence de voies de
communications a proximité du
lit mineur

Présence de voies de
communications a proximité du
lit majeur

Présence de digues a proximité
du lit mineur

Présence de digues a proximité
du lit majeur

Taux de boisement des berges:
Rideau d'arbres (Buffer 10 m)

Taux de boisement des berges:
Ripisylve (Buffer 30 m)

Taux d'occupation du sol de
type artificiel a proximité du lit
mineur

Taux de franchissement

Tauxde SODQV GYHDX
réseau hydrographique

Surlargeur des grands cours
d'eau

BD TOPO (IGN 2020) pour
la représentation des
stresseurs.
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Rectitude du tracé en plan

Nutriments et matieres
organiques

Phosphore total

Nitrites

Nitrates

Ammonium

Oxygene dissous

Matieres en suspension

DBOs (Demande Biochimique
en Oxygene sur 5 jours)

Jeu de données du réseau
national de surveillance des
qualités des eaux en France
(Naiades)

Toxicité chimique

Pourcentage du taux de
mortalité de gammares

7DX[ GILQKLELWLRQ
OfDOLPHQWDWLRQ

Jeu de données du réseau
national de surveillance des
gualités des eaux en France

Chaque pression a ét¢ SULVH HQ FRPSWH |

OfpFKHOOH VSDWLDOH

EDVVLQ YHUVDQW D pWp FKRLVLH SRXU OfDUWULEXID/OXYB \
IDLEOH OH SD\VDJH QDWXUHO OHV VWUHVVHXUM ODWLR (
pression altération hydromorphologique. Cette échelle a été délimitée au niveau de
FKDTXH VLWH SDU XQ PRGgOH QXPpULTXHQGEéWhdislUDLQ /1
pour les autres stresseurs de la pression altération hydromorphologique. Les troncons
ont été délimités dans le projet SYRAH-CE « 6\VWgPHV UHODWLRQQHO G
OYK\GURPRUSKRORJL H» (BMRAH-GEX (rStedBONEBIX 2017, Valette et
al. 2012) et chaque site a ensuite été positionné dans son troncon /fpFKHOOH GX VLW

été choisie pour les nutriments et les matiéres organiques, la toxicité chimique
UHVSHFWLYHPHQW OpWD &K LdWch#maErepiDed Hu ntbiéle O T,

développé avec les pressions choisies, leurs échelles et les liens entre les pressions

H WM@sbnt représentés dans la|Figure 1V.1.11
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Figure IV.1.11: Schéma conceptuel du modele pressions-impacts tenant compte de la
toxicité chimique.

Ce modéle a été développé sur des jeux de données de respectivement 222
échantillonnages pour la toxicité chimique létale et 101 échantillonnages pour la

toxicité chimique sublétale.

Nous avons ensuite évalué les effets directs des pressions a partir de leurs coefficients

de régressions calculés via la PLS-PM (Figure 1V.1.12 et(Figure IV.1.13).
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Figure 1V.1.12: Effets directs des pressions, incluant la toxicité chimique létale, sur
OfpWDW JpQpUDO GHV FRPPXQD »&ihiqus3H PDFURLQYHUWpPEU

Figure IV.1.13: Effets directs des pressions, incluant la toxicité chimique sublétale, sur
OfpWDW JpQpUDO GHV PDFURLQYHUWPEUpPY EHQWKLTXHYV
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Pour le jeu de données tenant compte de la toxicité chimique létale, 38% de
QM; a été expliqué par les pressions choisies. Les pressions corrélées négativement
DYHEMOEDPQV OfRUGUH DVPHQOWRUDWRRW K\DURIPRISKRORJ

nutriments, matiéres organiques (- OTDUWLI-B.L430et VOTWDLIRIQ F X OW X L
intensive (- /ID WR[LFLWp FKLPLTXH OpWDOH D HXMXQ HIIHW
(- /ITDJULFXOWXUH |IDLE @kl $bii pGsiivetbnit\corElés @vec

QM respectivement avec (0.042) et (0.158).

Pour le jeu de données tenant compte de la toxicité chimique sublétale, 33% de
QM; a été expliqué par les pressions choisies. Les pressions corrélées négativement
DYHEMOEDQV OTRUGUH DVFHQ G D @whatdrel dvgaDigés QXM LPHQ W V
les altérations hydromorphologiques (- OTDUWLILFLDOHWOWOWILRIULFEFXOW
intensive (- /I TMDJULFXOWXUH IDLEOH HW OD WR[LFLWp FKL
corrélations négatives faibles respectivement (-0.056) et (-0.045). Le paysage naturel
aétépoVLWLYHPHQW FRERO.p53p DYHF OF,

Dans le modele PLS-PM tenant compte de la toxicité chimique létale, toutes les
pressions avec des effets nocifs sur la biologie (altération hydromorphologique,
nutriments et matieres organiques, artificialisation, agriculture intensive et toxicité
chimique létale) ont été négativement corrélées avec le mauvais état des
FRPPXQDXWpV HQ FRKpUHQFH DYHF OfK\SRWK&WHSEPAWH I
UHSUpVHQWDWLYHV G 1 &@icdthre\fdibleHet Qdy3saige adudel) ont été
positivement corrélées avec le bon état des communautés. Les impacts dominants
pPWDLHQW VSpFLILTXHV j GHV SUHVVLRQV FRPPH OfYDOWp
QXWULPHQWYV HW PDWLQUHV RUJDQLT Xél CetibWerOigr&RdesE X SDW L F
signalée FRPPH GRPLQDQWH SDU G 1 Dd¥ g4dapacitd it@dgratkide \deD X Y X
PXOWLSOHYVY SUHVVLRQV 'DKP HW DO 3DU H[HPSOI
OYXUEDQLVDR&®PRQWISFAOHKWSUHVVLRQV 6WHUOLQJ HW DO
intenVLYH D HX OfHIIHW OH SOXV GRPLQDQW VXUDXP GMWVpUL
al. 2013, Donohue et al. 2006, Villeneuve et al. 2018). De plus, les invertébrés sont
connus pour leur sensibilité aux nutriments (Gieswein et al. 2017) ainsi que les apports

en sédiments influencés par la structure hydromorphologique (Miler and Brauns 2020).

Dans le modele PLS-PM tenant compte de la toxicité chimique sublétale, les

pressions dominantes (corrélées négativement avec le mauvais état écologique)
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étaient les mémes que dans le modele tenant compte de la toxicité chimique Iétale et
en plus avec OYfDJULFXOWXUH IDLEOH 6HXO OH SD\&DéaH QDW XL

avec le bon état écologique.

Dans les deux modeles, quand la toxicité chimique (respectivement létale et
VXEOpWDOH DMIJBHRBWRHLWOHW VIpORLIQH GH OfYfpWDW GH
I fLPSDFW GH OD WR[LFLWp FKLPLTXH pWDLW IDLEOH FRPSDL
Cela pourrait étre di au fait que les autres pressions integrent beaucoup plus de
stresseurs dans leur construction et sont aussi par nature plus intégratrices. Rico et al.
(2016) ont mis en avant le fait que les parametres de physico-chimie avaient une
influence VXU OHV FRPPXQDXW pMusGriijhoQantd 4ié dés Ucpiposés
FKLPLTXHVY UHSUpVHQWpPV SDU OHV XQLWpV WRI[LTXHV /1K
HQWUH OHV GHX[ PRGgOHYV SHXW V{H[SOLTXHW H@W UHT R HNVX

deux jeux de données.

Cependant, ces résultats restent difficiles a interpréter car les jeux de données
sur lesquels ces modeles ont été développés restent encore de taille modeste par
rapport au potentiel explicatif de la méthode utilisée. Villeneuve et al. (2018) ont
WUDYDLOOpPp VXU XQ MHX GH GRQQpHV GH QWritiMeldy SR XU S
territoire et étre représentatifs des associations possibles entre les différents gradients
GH SUHVVLRQV HW OHM:YDPHOYRUWIUWY WHBEHDWLI GILPSDFW
par conséquent étre interprété avec précaution et le positionnement de la toxicité
FKLPLTXH TXYfHOOH VRLW OpWDOH RX VXEOpWDOH QYfHVW S

conclusions fortes de cette analyse.

Cette méthode reste toutefois prometteuse dans ce contexte multi-pressions et
multi-échelleseW FfHVW SRXU FHOD TXH QRXV DYRQV WHQX j SU|
ce manuscrit. Lorsque les jeux de données intégrant des mesures de toxicité de taille
suffisante seront disponibles, nous serons en mesure de développer des modeéles qui
permettront de la positionner de maniére robuste au sein du complexe de pressions
LQIOXHQOoDQW OfpWDW pFRORJLTXH
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Partie 2 : Quel est le role de la toxicité chimique sur le fonctionnement
des communautés de macroinvertébrés benthiques dans un contexte

multi -stresseurs ?

Syntheése du chapitre 1V, partie 2

Les effets des pressions (nutriments et matieres organiques, les altérations
K\GURPRUSKRORJLTXHV HW OD SROOXWLRQ FKLPLTXH VR
communautés de macroinvertébrés benthiques, non seulement en terme de
composition faunistique mais aussi en terme de fonctionnement des communautés.

La toxicité chimique peut affecter les fonctions des communautés mais évaluer son
effet a large échelle reste un défi. La biosurveilance active permet par ailleurs de
PHVXUHU GHVY PpWULTXHYVY GH WR[LFLWp W BD¥ihtaGad) ® RUWD O |

large échelle spatiale et de fagcon comparable.

'DQV FH FKDSLWUH QRXV DYRQV pYDOXp OYDMVRFLDW
toxicité chimique, avec des indicateurs fonctionnels des communautés biologiques de
macroinvertébrés benthiques. La toxicité chimique sublétale (inhibition de
OYDOLPHQWDWLRQ HW OpWDOH WDX[ GH PRAUADDBEWQR WRQW
de gammares sur 152 échantillonnages entre 2015 et 2018 (Figure 1V.2.1). Au niveau

de chaque site expérimenté, les affinités des communautés de macroinvertébrés
benthiquesvis-a- YLV GH PRGDOLWpPV SRIAUaB HiblayduePdntéteé GHV
calculées (Table IV.2.1f /HV VWUHVVHXUV UHSUpVHQWDQW GHV SUF
sol, la pollution aux nutriments et a la matiére organique et, les altérations
hydoPRUSKRORJLTXHV RQW pWp pYDOXpV DX QLVBEDW L®H WK

appropriée. Une analyse de co-inertie a été appliquée pour évaluer les associations

des variables du jeu de données de traits avec le jeu de données des stresseurs
(occupation du sol, nutriments et matiéres organiques, hydromorphologie et toxicité

chimique).

Concernant les stresseurs, nous avons observé un gradient entre les variables
DOODQW GYXQH IDLEOH j XQH IRUWH GpJUDGDWX®@®Q X (JJHD ® MP
OYXUEDQLVDWLRQ D pWp PLV HQ pYLGHQFH 4XDQWOBX[ PpW
et sublétale), elles ont été séparées sur notre représentation de co-inertie, suivant un
JUDGLHQW GYDJULFXOWXUH /D WR[LFLWp OpWDOH D pWp [
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TXH OD WR[LFLWp VXEOpWDOH D pWp DVVRdite prialyjseadl§DIJULF X C
co-inertie a aussi mis en évidence une association des stresseurs incluant la toxicité
chimique (létale et sublétale) avec les modalités de traits suivants : les grandes tailles,
OHV JpQpUDWLRQV PXOWLSOHVY SDU DQ OHV DGXOWHV
dispersion aquatique passive, la diapause ou la dormance, les fouisseurs,
OIfDOLPHQWDWLRQ j EDVH GH PLFURLQ Y/Hdu&w pE22p\A YLYDQV
OfLQYHUVH OHV YDULDEOHV QDW XU H Orathirsls, R fipkglieH GLVVR
a 10 m et la ripisylve a 30 m) sont associées aux modalités de traits suivants : les
SHWLWHY WDLOOHYV PRLQV GTXQH JpQpUDWLRE@pPSIHQW® OF
OHV °XIV LVROpV HW OLEUHV OHYViohXakvenméHddtiveHl \Y¢8VUHYV O
VSLUDFOHY OHVY SODVWURQV OHV RUJDQLVPHWDIWILRUH Ga S

microphytes vivants et les racleurs. Une séparation entre paysages anthropiques et

naturels a également été mise en évidence grace a une opposition des modalités de
traits, montrant des stratégies fonctionnelles différentes des communautés biologiques
en fonction du paysage dH SUHVVLRQV TXTH®O plus, vhéctihe/ ded Q W
métriques de toxicité chimique a été liée a des modalités de traits. Ces traits (stade
aquatique, taille maximale, reproduction, mode de locomotion et relation avec le

substrat) peuvent potentiellement répondre a la toxicité chimique.
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Abstract

Freshwater ecosystems are subject to multiple pressures affecting functions of
communities. Biological traits, representative of life history characteristics, are
susceptible of change based on the assemblages of anthropic pressures. To our
knowledge, no study to date investigated the role of in field chemical toxicity on
biological traits in a multi-pressure context at a large spatial scale. Active biomonitoring
enables large-scale measures of chemical toxicity in caged gammarids. In the current
approach, we studied the role of chemical toxicity (lethal and sublethal toxicity) on
biological traits of benthic macroinvertebrate communities, in the context of multi-
pressure (land use, hydromorphological modifications and nutrient enrichment) with a
co-inertia analysis for 152 samplings. We highlighted the association of modalities of
traits (size >4-8cm, size >2-4cm, number of generation per year >1, adult,
ovoviviparity, clutches, free, aquatic passive dispersal, diapause or dormancy,
burrower, feeding on living microinvertebrates and filter-feeder) with anthropic
pressures including chemical toxicity. Some of these modalities were considered in
association to pressures, like ovoviviparity adopted when toxic pressure occurs.
Inversely, the association of the following modalities of traits (size >1-2cm, number of

generation per year <1, larva, isolated eggs, cemented, isolated eggs, free, clutches
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terrestrial, aerial active dispersal, spiracle (aerial), plastron, crawler, feeding on living
microphytes and scraper) was linked more to natural parameters. Finally, this study
suggests further investigations on the role of supplementary measures of chemical

toxicity on biological traits in a multi-pressure context.

1. Introduction

1.1. Pressures acting on freshwater biology

Freshwater ecosystems are threatened by multiple anthropogenic pressures like water
contamination (by nutrients and chemical pollutants) and hydromorphological
alterations (Dudgeon et al. 2006, Steffen et al. 2015). Hydromorphology can modify
the flow of water and sediments, and river channel form, affecting aquatic habitats and
thus ecosystem functioning (Elosegi and Sabater 2013). More specifically,
K\GURPRUSKRORJLFDO GHJUDGDWLRQ FDQ DIIHFW
Nutrient enrichment as phosphorus and nitrogen can lead to eutrophication. This
process can reduce oxygen with a possible effect on macroinvertebrate communities
(Davis et al. 2018). Hering et al. (2015) highlighted the importance of understanding
the links between stressors in order to implement restoration measures. These
diagnoses should be performed at not only local but also at large spatial scales
(vorosmarty et al. 2010). The direct and indirect effects of land use,
hydromorphological alteration risk and nutrients and organic matter, on
macroinvertebrate state were quantified at multi-scale (Villeneuve et al. 2018). Also,
the combined effects of hydromorphology, eutrophication and chemical stressors on

rivers, were investigated (Teichert et al. 2016).

1.2. Trait approaches describing functions

Variations in habitats can select specific functions of organisms. These functions
described through combinations of traits, can thus respond to different pressures
(Archaimbault et al. 2010). Biological traits represent life history characteristics (Van
den Brink et al. 2011) like the size, morphology and life cycle (Statzner and Béche
2010). They reflect the relationship of communities with environmental factors (Maasri

2019). These life history traits are recommended when studying community responses
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to environmental variables (Wilkes et al. 2020). A list of eleven biological traits and
WKHLU FDWHJRULHY FDOOHG 3PRGDOLWLHV" ZDVQHEWDOXDW
These organisms are known as bioindicators of water quality (Usseglio-Polatera et al.
2001). They are widely used to evaluate effects of stressors on ecosystems (Statzner
and Béche 2010). These traits are listed in Usseglio-Polatera et al. (2001) and the
affiliated database on the determination keys of macroinvertebrates are described in
the Tachet et al. (2000). Functional approaches identify the sensibility of traits to
ecosystem functioning, which is a useful tool for specific managing (Archaimbault et
al. 2010, Dolédec et al. 2006, Dolédec and Statzner 2008, 2010). It has the advantage
of comparing community functions instead of species over different regions, at large
spatial scales (Dolédec et al. 2006, Verberk et al. 2008, Verberk et al. 2013). These
approaches can be focused on multiple traits affected by multiple pressures (Dolédec
and Statzner 2010). Trait-based approaches can provide understanding on the link
between stressors and functions of biota (Archaimbault et al. 2010, Van den Brink et
al. 2011) because stress changes traits with a discrimination among stressors
(Archaimbault et al. 2010, Demars et al. 2012, Statzner and Béche 2010). For instance,
Floury et al. (2017) assessed the effects of hydroclimatic and water quality factors on

traits of invertebrates in the Loire, a large river in France.

1.3. Active biomonitoring evaluating chemical toxicity

Toxic pollution is susceptible of altering community functions. Therefore, functional
traits can discriminate sites with high chemical contamination. Nevertheless,
measuring toxic pollution at a large spatial scale remains a challenge. Active
biomonitoring is based on the transplantation of organisms in streams, to measure their
response to water quality (Wepener 2013). It measures integrative bioavailable
chemical contamination and toxicity in situ via biological standardized probes (Besse
et al. 2013). These measures are comparable between sites and at different dates
(Ciliberti et al. 2017, Wepener 2013). Caged gammarids are crustaceans used as
sentinel species in ecotoxicology because they are ubiquitous in West European
freshwater (Charron et al. 2013, Chaumot et al. 2015, Ciliberti et al. 2017, Kunz et al.
2010). Their biology and physiology is also well known (Besse et al. 2013, Chaumot et
al. 2015). Toxicity metrics are integrative of multiple substances effects. However, the

European Water Framework Directive (WFD) has not required yet chemical toxicity
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monitoring due to the lack of large spatial scale toxicity tools. Chemical toxicity
bioassays like feeding inhibition and mortality rates are measured in caged gammarids
to evaluate water quality (Coulaud et al. 2011). Feeding inhibition (digestive enzyme
activity) in gammarids is affected by contaminated sites with micropollutants (Charron
et al. 2013, Dedourge-Geffard et al. 2013) and mortality can be a result of exposition
to environmental pollutants (Kunz et al. 2010). Feeding inhibition is a sublethal
response (Kunz et al. 2010) and thus the first observed indicator of chemical toxicity
(Coulaud et al. 2011). Both sublethal and lethal responses have been examined in

many studies as chemical toxicity responses (Kunz et al. 2010).

1.4. Toxic pollution linked to functional tools

There is a necessity to study the links between chemical contamination and ecological
effects via improved large scale monitoring tools (Ciliberti et al. 2017) and several
studies addressed this topic. The link between traits of macroinvertebrate communities
and sediment contamination was assessed (Archaimbault et al. 2010). Traits like
passive dispersal, reproduction strategies and feeding habits were linked to chemical
disturbance. The trait metrics were associated to sediment contamination with heavy
metals (Desrosiers et al. 2019). Biological traits were linked to multiple stressors like
metallic and organic pollution, eutrophication and land use (Statzner and Béche 2010).
The discrimination of heavy metal pollution by four functional species traits was tested
for large European rivers (Dolédec and Statzner 2008). Species traits even explained
71% of variability in sensitivity to 15 toxicants (Baird and Van den Brink 2007). As for
the link between toxicity and traits, it was studied but often with estimated toxicity from
contamination measures. The link between an ecological indicator and pesticide
toxicity (estimated via toxic units) was confronted in various hydromorphological
conditions (Weber et al. 2018). The toxic mode of action of toxicants was also linked
to traits (Van den Berg et al. 2019). To our knowledge, toxic pollution linked to traits
was not based on direct in situ measures and at a large spatial scale. We currently
have the opportunity to investigate the associations between in situ chemical toxicity
and biological traits due to the availability of large spatial scale data of chemical toxicity.
We hypothesized that toxic pollution in parallel to multi-stressors are associated with
adaptive modalities of traits. Co-inertia analysis was applied to highlight theses

associations between stressors (land use, nutrients and organic matter and
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hydromorphology) including chemical toxicity (sublethal and lethal toxicity) and

biological traits at the national scale of France.

2. Material and methods
2.1. Study sites and chemical toxicity measures

The active biomonitoring data for in situ chemical toxicity were acquired from the
French stream monitoring network (previous experiments of the French regional water
agencies, programs performed at the Ecotoxicology laboratory of INRAE and the
biomonitoring aquatic environment (BIOMAE)) (Naiades). Therefore, the protocol for
caging gammarids is briefly detailed here. Further details are present in Besse et al.
(2013) and Ciliberti et al. (2017). Gammarus fossarum from an uncontaminated site
37RXU GX 3LQ" ZHUH VDPSOHG 7KHQ WKH\ ZHBH WKRMH D)
weeks under controlled conditions. Size-calibrated-males were caged in the French
monitoring network sites for an exposition time of one week with a suitable quantity of
leafs. Confounding factors like size, population and food were controlled. Sites with
extreme oxygen levels were not considered. Feeding rates were measured on the
seventh day following the protocol and the calculation of feeding inhibition described
in Coulaud et al. (2011). The number of dead gammarids was recorded on the seventh
day and the mortality rate per site was represented in percentage. For 152 samplings
from 2015 to 2018, sublethal toxicity (feeding inhibition) and lethal toxicity (mortality
rate) were compiled into one dataset. Feeding activation was represented with the

value 0 because no feeding inhibition occurred. These study sites were distributed all

over metropolitan France (Figure 1V.2.1) with their respective chemical toxicity

gradients representing a variety of landscapes.
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Figure 1V.2.1: Cartography of sites with measures of chemical toxicity.
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2.2. Biological traits for macroinvertebrate communities

Based on the sites measuring chemical toxicity, the functional trait database was
constructed. Macroinvertebrates were sampled and identified in the national French
surface water network and data was stored in (Naiades), following the protocol
(AFNOR 2010). We based our approach on the biological traits and their modalities
presented by Usseglio-Polatera et al. (2001), at the site scale and at the closest date
compared to the caging data with a maximum one-year difference. The affinity of every
present taxon to each modality of trait was used with fuzzy coding. The contribution of
taxon to each modality was weighted with the log transformation of the abundance.
Then, these values were summed for all the taxa per modality and site. The relative
abundance for each trait modality was calculated for each trait. For the modalities
representing less than 0.15% of the total modalities frequency (i) we removed these
PRGDOLWLHY EHFDXVH WKH\ FRXOGQYW EH DVVRIFLDWHG

recalculated the relative frequencies of other modalities, or (ii) we grouped them with

close modalities (Table 1V.2.1). The distribution of the affinity of communities to

modalities was not very wide, thus we chose this conservative threshold of 0.15 %. For

PD[LPXP VL]H PRGDOLWLHYV " -0.5 ¢h) wddeQy@uped as well

as modality 6 (> 4-8 cm) and 7 (> 8 cm). For reproduction, modality 6 (eggs, or clutches,

in vegetation (endophytic)) and modality 8 (asexual reproduction) were removed and

the other modalities were recalculated without them. For resistance form, modalities 1

(eggs, statoblasts, gemmules), 2 (cocoons) and 3 (cells against desiccation) were

grouped. For respiration, modality 5 (hydrostatic vesicle (aerial)) was removed. For

locomotion and substrate relation, modality 1 (flier) was removed, modalities 2 (surface

swimmer) and 3 (swimmer) were grouped, and modalities 7 (temporarily attached) and

8 (permanently attached) were grouped. For food, modalities 1 (fine sediment +

micrRRUJDQLVPV DQG GHWULWXYV PP ZHUH JURXSHG P
PP DQG GHDG DQLPDO « PP ZHUH JURX R EFHRRDVARAVAH & K

by shredders, and modalities 8 (living macroinvertebrates) and 9 (vertebrates) were

grouped since vertebrates are essentially insect larvae (mainly trichoptera) consuming

fish eggs, Alevin fish or larvae of batrachians and predated by beetles. For feeding

habits, modalities 7 (predator (carver/engulfer/swallower)) and 8 (parasite, parasitoid)

were grouped.
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Table IV.2.1: Eleven biological traits with the number of each modality and the 48-

modality groups.

Trait Number Modalities
Maximum size land?2 ” FP DQG 0.5cm
3 >0.5-1cm
4 >1-2cm
5 > 2-4 cm
6 and 7 > 4-8 cm and > 8 cm
Life cycle duration 1 " \HDU
2 > 1 year
Potential number of 1 <1
reproductive cycles per year ; .
3 >1
Aquatic stages 1 Egg
2 Larva
3 Pupa
4 Adult
Reproduction 1 Ovoviviparity
2 Isolated eggs, free
3 Isolated eggs, cemented
4 Clutches, cemented or fixed
5 Clutches, free
7 Clutches, terrestrial
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Dispersal 1 Aquatic passive
2 Aquatic active
3 Aerial passive
4 Aerial active
Resistance form 1,2and 3 Eggs, statoblats, gemmules;
cocoons; cells against dessication
Diapause or dormancy
& None
5
Respiration 1 Tegument
2 Gill
3 Plastron
4 Spiracle (aerial)
Locomotion and substrate 2and 3 Surface swimmer; Swimmer
relation
4 Crawler
5 Burrower (epibenthic)
6 Interstitial (endobenthic)
7 and 8 Temporarily attached;
Permanently attached
Food land?2 Fine sediment + microorganisms;
Detritus <1 mm
4 Living microphytes
5 Living macrophytes
3 and 6 Plant detrit XV «  PDRad

DQLPDO « PP
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7 Living microinvertebrates

8 and 9 Living macroinvertebrates;
Vertebrates

Feeding habits land 2 Absorber; Deposit feeder

3 Shredder

4 Scraper

5 Filter-feeder

6 Piercer (plants or animals)

7 and 8 Predator
(carver/engulfer/swallower);
Parasite, parasitoid

We hypothesized that a selection of stressors were susceptible of having an effect on

functional traits of benthic macroinvertebrate communities. These stressors and their

spatial scales were the same as Villeneuve et al. (2018). Based on the active

biomonitoring sites, stressors were calculated at the appropriate scales. Land use was

at the watershed scale, nutrients and organic matter was at the site scale, and

hydromorphology was at the watershed scale and reach scale

Table 1V.2.2).

Table 1V.2.2: List of stressors (seven nutrient and organic matter stressors, and 13
hydromorphology stressors), their minimum and maximum range, and data source.

Stressor Unit or Scale Minimum - Data source
categories Maximum range

Artificialisation Percentage of | Watershed | 0-38.16 Corine Land
artificialisation Cover (CLC) 2012
surface +R FLaR DQ

i Tomaszewska
Intensive Percentage of 0-92.22
) _ _ 2014).
agriculture intensive
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agriculture
surface
Low agriculture Percentage of 0-48.21
low agriculture
surface
Natural spaces Percentage of 0.75-100
natural spaces
surface
Dissolved oxygen | mg/L O2 Site 7.279-12.360 French national
i : database of water
BODs (Biochemical | mg/L Oz 0.525-9.5 _
quality (Naiades)
Oxygen Demand
for five days)
Suspended matter | mg/L 1.2-285.720
Ammonium mg/L NH4* 0.009-8.304
Nitrites mg/L NO2 0.010-1.538
Nitrates mg/L NO3 1-58.617
Total phosphorus | mg/L P 0.007-1.732
Drainage ratio Absence =0, Watershed | 0-0.109 Aléa érosion des
Presence >0 sols (Montier et al.
_ : 1998)
Irrigation ratio Absence =0, 0-0.498
Presence >0
Rate of Low for 0-25%, | Reach 0-369189% BD TOPO ((IGN

roads/railways

near riverbed

Medium for 25-
100%, High for
>100%

2020)) for the
representation of

the stressor.
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Rate of
roads/railways in

flood plain

Very low for
<50%, Low for
50%-100%,
Medium for
100%-500%,
High for >500%

Rate of dikes in

Absence 0%,

riverbed
Low 0-50%,
High >50%
Rate of dikes in Low <50%,

flood plain

Medium 50%-
100%, High
>100%

Rate of trees on
EDQNV 3\WFU
WUHHV’

Very low <10%,
Low 10-30%,
Medium 30-
60%, High 60-
80%, Very High
>80%

Rate of vegetation
RQ EDQNV 31
YHIHWDWLR

Very low <10%,
Low 10-30%,
Medium 30-
60%, High 60-
80%, Very High
>80%

Rate of artificial
land use near

riverbed

Absence =0,
Low 0%-25%,
High >25%

52.178-
1173360%

0-114587%

0-193887%

0-100%

0-100%

0-102.57%
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Rate of stream Absence =0, 0-38
crossings Low 0-0.5/km,
Medium 0.1-
1/km, High
>1/km
Rate of ponds in Absence =0, 0-51.249%
riverbed Low for 0%-5%,
High >5%
Rate of overwidth | Absence 0-15842.100%
Low 100%-
150%, High
>150%
Rate of Low <20%, 0-100%
straightness Low 20%-50%,
High >50%

2.3. Co-inertia analysis of associations between stressors and traits

We compiled into one multi-stressor dataset: chemical toxicity data (sublethal toxicity
and lethal toxicity) and stressors for every site. For the same sites, we had another
dataset for community affinity to modalities of traits. The co-inertia analysis is a
multivariate method performed on simultaneously two tables to confront the respective
measures and evaluate grouping of variables (Dray et al. 2003). This method presents
the common co-structure of these tables while maximizing the variance (Dolédec and
Chessel 1994). Often co-inertia analysis is focused on biological data and
environmental conditions. Here, we confronted more specifically the multi-stressor
dataset with the trait dataset. The common co-inertia between stressors and traits was
obtained with its pvalue to determine its significativity based on 10000 permutations.
The percentage of explanation of each axis of the co-inertia was obtained. The
representation of respectively stressors and traits was obtained on the two most
explained axes. The position and the coordinates of each of these variables on the

respective axes were identified. Then, the close variables were highlighted.
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3. Results

Figure IV.2.2| represents the outputs of the co-inertia analysis for respectively the

stressors and traits. The common co-inertia between stressors and traits was a
significative 27% (RV coefficient with a pvalue of 10e-05). The F1 axis is explained by

66% and the F2 axis is explained by 15%. Most of the information was on the F1 axis.

For stressors, the left side of the F1 axis is represented by intensive agriculture, BODs,
artificialisation, stream crossings, roads/railways near flood plain, lethal toxicity,
irrigation ratio, roads/railways near riverbed, total phosphorus, drainage ratio, dikes in
flood plain, roads/railways near flood plain, dikes in riverbed, artificial land use near
riverbed, ammonium, nitrates and overwidth. The central side of F1 axis is represented
by nitrites, ponds in riverbed, low agriculture, suspended matter, sublethal toxicity and
straightness. The right side of the F1 axis is represented by trees on banks, vegetation
on banks, dissolved oxygen and natural spaces. Therefore, F1 represents a gradient
of degradation (high on the left side and low on the right side of the axis). The upper
side of the F2 axis is represented by artificial land use near riverbed, sublethal toxicity,
artificialisation, total phosphorus, low agriculture, nitrites, dissolved oxygen,
ammonium, stream crossings, BODs, straightness, ponds in riverbed, nitrates,
overwidth and natural spaces. The lower side of the F2 axis is represented by drainage
ratio, vegetation on banks, intensive agriculture, roads/railways near riverbed,
roads/railways near flood plain, trees on banks, dikes in riverbed, dikes in flood plain,
suspended matter, irrigation ratio and lethal toxicity. The F2 axis is thus representative
of a gradient of land use (ranging from agriculture to urbanization). In summary, on the
F1 axis, there was a separation between urban/intensive agriculture landscape with
nutrients and hydromorphological alteration, and natural landscape. For the in situ
chemical toxicity metrics, sublethal toxicity and lethal toxicity seem separated but they
are associated with common pressures following the F1 axis. It wan be noted that in

this result, lethal and sublethal toxicity are not very close.

For traits, the left side of the F1 axis is represented by size >4-8cm, size >2-4cm,
number of generation per year >1, adult, ovoviviparity, clutches, free, aquatic passive
dispersal, diapause or dormancy, burrower, feeding on living microinvertebrates and
filter-feeder.Thus, traits on the left side of the F1 axis were associated with lethal

toxicity and an urban and intensive agricultural landscape as well as
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hydromorphological alteration and nutrients and organic matter stressors. The right
side of the F1 axis is represented by size >1-2cm, number of generation per year <1,
larva, isolated eggs, cemented, isolated eggs, free, clutches terrestrial, aerial active
dispersal, spiracle (aerial), plastron, crawler, feeding on living microphytes and
scraper. Therefore, natural landscape metrics were associated to these traits on the
right side of the F1 axis. The upper side of the F2 axis is represented by size >0.5-
lcm, pupa, clutches free, aerial passive dispersal, tegument, temporarily and
permanently attached, feeding on living macrophytes and predator, parasite,
parasitoid. These traits on the upper side of the F2 axis are associated with sublethal
toxicity. The lower side of the F2 axis is represented by size >2-4cm, size >4-8cm,
number of generation per year <1, clutches terrestrial, ovoviviparity, isolated eggs,
free, plastron, burrower and shredder. These traits on the lower side of the F2 axis are

associated with lethal toxicity.

Lethal toxicity and sublethal toxicity are not associated to the same modalities of traits

for: maximum size, aquatic stage, reproduction and, locomotion and substrate relation.
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Figure 1V.2.2: Co-inertia analysis of pressures and biological traits of benthic
macroinvertebrate communities. Red dots are representative of each stressor and
modality of trait.

The exact coordinates of respectively stressors and traits were presented in|Table

IV.2.3land Table 1VV.2.4.

Table 1V.2.3: Coordinates of stressors on the axis 1 and axis 2.

Stressors Axis1 Axis 2

Intensive agriculture -0.056 -0.016
BODs -0.046  0.009
Artificialisation -0.042  0.027
Stream crossings -0.038 0.010
Roads/railways in flood plain -0.035 -0.015
Lethal toxicity -0.032  -0.005
Irrigation ratio -0.031 -0.007
Roads/railways near riverbed -0.031 -0.015
Total phosphorus -0.029 0.021
Drainage ratio -0.028 -0.027
Dikes in flood plain -0.026  -0.010
Dikes in riverbed -0.020 -0.011
Artificial land use near riverbed -0.020 0.031
Ammonium -0.016  0.012
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Nitrates -0.015 0.002
Overwidth -0.011  0.001
Nitrites 0.000 0.020
Ponds in riverbed 0.001 0.003
Low agriculture 0.003 0.020
Suspended matter 0.006 -0.009
Sublethal toxicity 0.012  0.027
Straightness 0.012 0.006
Trees on banks 0.048 -0.013
Vegetation on banks 0.051 -0.016
Dissolved oxygen 0.055 0.017
Natural spaces 0.064  0.000

Table 1V.2.4: Coordinates of traits and their modalities on the axis 1 and axis 2.

Traits Axisl AXis2
Ovoviviparity -0.579 -0.151
Size > 4-8 cm -0.559 -0.216
Adult -0.388 -0.056
Diapause or dormancy -0.356 0.070
Filter-feeder -0.268 0.057
Burrower (epibenthic) -0.240 -0.158
Reproduction cycle per year >1 -0.209 0.040
Living microinvertebrates -0.192 -0.041
Aquatic passive -0.135 -0.011
Size > 2-4 cm -0.131 -0.178
Clutches, free -0.104 0.126
Living macrophytes -0.092 0.135
Absorber; Deposit feeder -0.091 0.067
Surface swimmer; Swimmer -0.085 -0.084

Temporarily; permanently attached
P y:p y -0.083 0.192

Plant detritus = 1 mm; Dead
animal = 1 mm -0.077 -0.047
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Aerial passive -0.051 0.143
Tegument -0.048 0.105
Predator

(carver/engulfer/swallower);

Parasite, parasitoid -0.044 0.158
Interstitial (endobenthic) -0.038 0.095
Gill -0.023 -0.076
Size > 0.5-1 cm -0.013 0.120
Aquatic active -0.007 -0.039
Life cycle > 1 year -0.004 -0.081
Life cycle = 1 year 0.002 0.047
Piercer (plants or animals) 0.002 -0.077
Fine sediment + microorganisms;

Detritus < 1 mm 0.002 0.015
Shredder 0.022 -0.104
Egg 0.023 -0.006
Resistance form none 0.033 -0.022

Living macroinvertebrates;

Vertebrates 0.035 0.026
Size < 0.5cm 0.046 0.031
Clutches, cemented or fixed 0.057 0.098
Pupa 0.077 0.201
Reproductive cycle per year =1 0.088 -0.009
Crawler 0.104 -0.001
Living microphytes 0.112 -0.032
Larva 0.118 -0.036
Scraper 0.174 -0.044
Size >1-2 cm 0.177 -0.018
Eggs, statoblats, gemmules;

cocoons; cells against dessication 0.219 0.025
Isolated eggs, free 0.240 -0.148
Spiracle (aerial) 0.255 -0.063
Aerial active 0.291 -0.011
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Plastron 0.386 -0.170
Isolated eggs, cemented 0.416 -0.054
Clutches, terrestrial 0.473 -0.171
Reproductive cycle per year < 1 0.530 -0.171

4. Discussion

4.1. Confrontation of in situ chemical toxicity to traits in a multi-stressor context

For the first time, to our knowledge, chemical toxicity measured via ABM was
confronted to traits of macroinvertebrate communities in a multi-stressor context. The
current approach serves as a basis to determine the groups of stressors linked to
functional traits of macroinvertebrate communities. We focused on the F1 axis since
most of the explanation was on this axis. There was a first group between biological
traits (large sizes, multiple number of generations per year, adults, ovoviviparity,
clutches, free, aquatic passive dispersal, diapause or dormancy, burrower, feeding on
living microinvertebrates and filter feeders) with anthropogenic stressors (chemical
toxicity, anthropogenic land use, hydromorphological alterations and nutrients and
organic matter). The second group on the right side of the F1 axis was between traits
(small sizes, less one generation per year, larva, isolated eggs, cemented, isolated
eggs, free, clutches terrestrial, aerial active dispersal, spiracle (aerial), plastron,
crawler, feeding on living microphytes and scraper) and natural landscape variables.
An exposed zone to chemical stress can have more tolerant communities than sensible
ones (Clements et al. 2016). This statement was obtained in their study comparing
communities exposed to metallic contamination and non-exposed to contamination.
Functionnal traits can also be explained with natural gradients (Chen et al. 2019).
Voltinism and development for instance can differ among ecoregions (Zuellig and
Schmidt 2012). A weak change of trait composition also occurred with increasing
hydromorphological alterations (Feld et al. 2014). Taxonomic analysis can be
proposed to identify the composition of the macroinvertebrate community and
understand more why these modalities stand out. We can emit hypotheses on these
taxonomic compositions. Large sized organisms can be oligochaetes burrowers in the
fine sediment. Intensive agriculture associated with irrigation and rain can increase the
arrival of fluxes of fine sediments in the watercourse. Burrowers are opposed to

crawlers moving at the surface. Adults that have aquatic dispersal are mainly mollusks
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and crustacean, polluosensible organisms. Ovoviviparity is adopted to limit mortality
with increased pressures (Ducrot et al. 2005). Diapause and dormancy should be
interpreted carefully because it can be present in the absence of anthropogenic
pressures. Scrapers are present in upstream zones less altered while filter-feeders are
present in the downstream zones with more fine organic matter in more altered zones.
As for contaminants like metals, PAHs and pesticides they have impacts on dispersal,
reproduction, respiration and feeding habits. Many studies, showed an impact of toxic
contamination on filter-feeders and scrapers (Archaimbault et al. 2010). Some
modalities like crawler was associated with Lead, Zinc and Copper. While, burrower
and clutches free were associated to Mercury (Desrosiers et al. 2019). Edegbene et
al. (2020) studied the associations of macroinvertebrate traits to urban and agricultural
pollution in the Niger Delta. In the least altered sites, with sensitive urban-agricultural
pollution there was a preference for large body size. As for the heavily impacted sites,
detritus and small body size were tolerant to urban-agricultural pollution. This result is
different from ours where anthropogenic stressors were associated to large body size.
This difference can be explained with the difference in number of sites respectively 17

sites in Edegbene et al. (2020) and 152 samplings in the current study.

As for the association of lethal and sublethal toxicity to different modalities of traits.
Lethal toxicity is associated to communities mostly adults, with sizes >4-8 cm, with
ovoviviparity reproduction and burrowers. While sublethal toxicity is associated with
communities mostly in the pupa stage, with maximum sizes >0.5-1 cm and
reproduction via fixed clutches. These candidat traits (maximum size, aquatic stage,

reproduction, locomotion and substrate relation) can respond to chemical toxicity.

4.2. Approach adaptation

Since the highlighted structures depended on the dataset, we cannot generalize our
results. Anthropogenic stressors including toxic pollution were associated to possible
adaptive traits. We did not obtain a different association with traits for toxic pollution
and other stressors. It is possible that a bigger dataset can highlight complementary
links. The typology of sites can be investigated, for instance co-inertia analysis can be
performed separately for sites from each size of stream. In the current approach, we

could not separate sites based on their sizes due to data number. We can also evaluate
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how traits are expressed following intervals of specific stressors (low, medium and high

intensity).

5. Conclusion

To conclude in the current study, we evaluated the associations between
anthropogenic stressors including in situ chemical toxicity and biological traits. All
anthropogenic stressors (nutrients and organic matter, hydromorphology and chemical
toxicity) are linked to specific modalities of traits. While, natural parameters like
dissolved oxygen and natural spaces are linked to the opposite modalities of traits.
Lethal and sublethal toxicity were representative of different intensities of agriculture
and potentially different profiles of chemicals and concentrations. Candidat traits
(maximum size, aquatic stage, reproduction and, locomotion and substrate relation)

associated to lethal and sublethal toxicity can be indicative of chemical toxicity.
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1. Contexte de la these et richesse des outils de biosurveillance active

&HWWH WKqVH D pWp FRQGXLWH j OfLQWHUIDFAH DYHF
disciplines, et a mobilisé des concepts et des RXWLOV UHOHYDQW GH OfpFR)
OfK\GURpPpFRORJLH GHV V\édaykghse WohysueV (not&ntiner® Da  J
FDUWRJUDSKLH HW OD JpRPDWLTXH GH OD JpRPRUSEK

K\GURPRUSKRORJLH 1RXV DYRQV HX OfRSSRUWXgHWpPp GH

de contamination chimique biodisponible et de toxicité chimique (issus de la
ELRVXUYHLOODQFH DFWLYH QRXYHOOHPHQW MRIQWWLB/HKXp\
2009) et de les compiler pour la premiere fois avec des données de pressions

(notamment hydromorphologiques et physico-chimiques) et des métriques biologiques

des communautés comme QM. Les jeux de données de la biosurveillance active
(contamination biodisponible métallique, contamination biodisponible organique,

toxicité chimique létale et toxicité chimique sublétale) sont le résultat de nombreuses

années de mesures, réparties sur toute la France. Malgré le fait que ces jeux de

données de biosurveillance active ont été les plus complets, les relations émergentes

restent trées dépendantes des profils de paysages dominants de nos sites. Le
développement de ces DSSURFKHV D QpFHVVLWp XQ WUDYDLO Gf
données notamment la bancarisation de données de différentes bases de données, la

PLVH HQ FRKpUHQFH GHV FRRUGRQQpPHV GTXQ PHAH WIMVH F
des différentes métriques. Combiner des processus issus de plusieurs disciplines
QpFHVVLWH GHV pFKDQJHV GYfH[SHUWLVHV HW DXVVL XQ
DGRSWp &HUWDLQV RXWLOV HW FRQFHSWYV GTpFRWRI[LFROI
entre les disciplines. Par exemple, la cRQVLGpUDWLRQ GH OYRXWLO Gf1
JDPPDUHYV GDQV OD FRQFHSWXD O L-vhpadtd & ¢ GigeSa0GHY SUH
IMpWXGH GHV HIITHWV GH OD SROOXWLRQressiohPdumr ¢ HQ SD
FRPPXQDXWpV GHYUDLW rWUH DOpatM cSmbkKaisob @REAWpPpH &1
complexité des systemes aquatiques et des stresseurs multiples auxquels ils sont

soumis que nous pouvons mieux comprendre les effets sur la biologie et y remédier.

La collaboration interdisciplinaire entre les scientifiques est une des conditions pour y
SDUYHQLU 'Yf{DLOOHXUV OD SULVH HQ FRQVLGpUDWLRQ G
échelle nationale large est un domaine encore en plein essor, qui nécessite
OYDFTXLVLWLRQ FRQWLQXH GH GRQQpHV VWDaREe.DUGV DX V|
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De nombreuses études pressions-impacts se sont déja intéressées a la
guantification des liens entre les pressions anthropiques et les communautés
aguatiques, mais souvent sans intégrer la contamination chimique et/ou la toxicité
chimique a grande échelle spatiale (Allan 2004, Dahm et al. 2013, Donohue et al. 2006,
Gieswein et al. 2017, Lorenz and Feld 2013, Nkwaoiji et al. 2020, Rios and Bailey 2006,
Villeneuve et al. 2018, Villeneuve et al. 2015, Zajicek et al. 2018). Lorsque la
contamination chimique est prise en compte dans ces études pressions-impacts elle
est le plus souvent qualifiée par la mesure des concentrations en contaminants dans
OfHDX %LUN HW DO Ofvlaterd 2013 NV &évetl al RDEB) ou a
OYDLGH GHV FDSWHXPY G \HWAL 1D O QH SHUPHWWDQW
IUDFWLRQ GHV FRQWDPLQD Q Wa/di calle-uEd @tcurBuiOpaE OH F T H
OYRUJDQLVPH HW SDU FRQVpTXHQW HVW SHMXHODOWLIFHHO DHW H
permet de mesurer la contamination chimique biodisponible et la toxicité chimique des
PLOLHX[ DTXDWLTXHV j JUDQGH pFK @@l biologiuesdT X WL O L\
(organismes calibrés) comme le gammare (Besse et al. 2013, Ciliberti et al. 2017). Ces
mesures de contamination chimique biodisponible et de toxicité chimique issues de la
ELRVXUYHLOODQFH DFWLY dte@dnbongésHa@\Mmpa@svpeirt@sHarU H

les communautés dans un contexte multi-pressions a large échelle spatiale.

Un des buts de ce travail a été de développer des approches pressions-impacts
intégrant ces mesures de la contamination chimique biodisponible et de la toxicité
FKLPLTXH HW GYfpYDOXHU VL OfLQWpJUDWLRQ GHGHW GRQ(
liens pressions-impacts. Les liens entre les pressions anthropiques et la contamination
chimique biodisponible (respectivement métallique et organique) ont alors été
TXDQWLILpYVY &KDSLWUH ,,, /IMLPSDFW GH OD WR/I[XBLOWHPVFKL
communautés dans un contexte multi-pressions a été investigué (respectivement via
OYLQGLFDWHXU G fNWHDW QoHFR ORI OWM ELRORJLTXHV &KDSL
GH FHV PHVXUHYVY GDQV FHV GHX[ FKDSLWUHV D WHGEIPYYV OF
IDFWHXUV GH WUDQVIHUW PDMHXUV GHYVY FRQWDPQ@INQWYV (
types de contaminants chimiqueV. DGDSWDWLRQ GH Of{DSSURFKH SRVVL!
OHYLHUV GIDFWLRQ HQ JH Vs\e eo@préth&vsibndesMiensehie¥es LU S O

pressions et les réponses des communautés.

Développer ces approches pressions-impacts en intégrant la contamination

biodisponible chimique et la toxicité chimique a permis de travailler sur un nombre
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elevé de sites (101 a 245 mesures selon les jeux de données) sans valeurs
manquantes pour les sites choisis. Ce travail a large échelle spatiale aurait été plus
conraLJQDQW VL OHV PHVXUHV GH FRQWDPLQDWLRQ pWDLE
exemple, le taux de quantification des HAPs et des PCBs serait alors faible.
Inversement, les mesures dans le biote contiennent peu de valeurs sous les limites de
quantification et permettent donc de tenir compte de plus de substances quantifiées.
&HYVY PHVXUHYVY VRQW DXVVL SOXV LQWpJUDWULFHV TXH OHV
OH VpGLPHQW GX IDLW GTXQH H[SRVLWLRQ SOXVDORMIXH G
ou trois semaines). Utiliser des mesures de contamination biodisponible mesurées a
également permis de mesurer directement de multiples substances (huits métaux). Si
RQ DYDLW DGRSWp GDQV QRV DSSURFKHWGGGY © HNWIXX HNVOGHHX
fallu estimer la fraction biodisponible par des modéles comme le BLM (Biotic Ligand
Model). Et cette estimation serait restreinte & uniguement certaines substances

métalliques.

2. Liens entre les pressions et la contamination chimique biodisponible

Un cadre conceptuel a été construit pour quantifier les liens entre les pressions
anthropiques et la contamination chimique biodisponible a large échelle dans le but de
mieux identifier les sources et les facteurs de transferts de la contamination chimique
et a terme Gafnéliorer les propositiRQV GIDPpQDJIJHPHQWYV &H FDGUH D g
en se basant sur de la modélisation par équations structurelles PLS-30 GIDERUG SRXU
la contamination biodisponible métallique en terme de preuve de concept et ensuite |l
a été adapté pour la contamination biodisponible organique (HAPs et PCBs). /T{DW R XW
de ces modeles développés est la considération de multiples pressions (représentées
elles aussi par de multiples stresseurs mesurés), ainsi que la prise en compte de
multiples échelles spécifiques a chaque pression. Ces deux critéres de multi-pressions
i GHV pFKHOOHV HPERLWpPHV VH VRQW DY p WGHWV LIPIS R WW DZHV
pressions sur la contamination. En effet, pour chaque famille de contaminants
(métalligue, HAPs et PCBs) les pressions dominantes et leurs échelles étaient
différentes (QILQ FHYV PR GqgO HVdd&oQnaidédeff Dovi Belevnent ks effets
directs des pressions mais aussi les effets indirects souvent négligés. Les approches
GpYHORSSpHVY DSSRUWHQW GRQF XQH SDUW LFPLSFROMMIR@W H
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métallique et organique (représentée par le coefficient de détermination R?),

représentatives des écosystemes.

2.1. Pressions dominantes sur la contamination biodisponible métallique

Pour la contamination biodisponible en métaux, le poids des forces motrices
FRPPH OfRFFXSDWLRQ GX VRGH/B \S\W OW piH CSFOPLLTXBHQ@WS D U
LQWpPpJUDWHXU GH OYRFFXSDWLRQ GX VRO j JUDQIKBBXYFKHO:!
VRO HVW XQ SUR[\ SRXU GHV YDULDEOHV GH)HNMWIIRILGINVG
agricoles et naturelles) (Segurado et al. 2018). Par ailleurs, dans nos résultats, la
FRQWDPLQDWLRQ ELRGLVSRQLEOH PpWDOOLTWKN RXXIPHI\Q W +
SOXV VSpFLILTXHV GHQVLWp GHV LQGXVWULHYV HW GHQVL
TXYDYHF OHV SUHVVLRQV VX UombkphdRgpbaret R fdteBrsid@W K\ G
ELRGLVSRQLELOLWp S+ FDUERQH RUJDQLTXH GDWWRQ HW
biodisponible métallique diminue en présence de ripisylve qui peut servir de zone
tampon. Ces travaux ont permis de valider nos hypothéses de liens entre les pressions
et la contamination biodisponible métallique (corrélation positive avec les pressions et
corrélation négative avec la ripisylve) et sont en accord avec la littérature identifiée a
SULRUL *DUQHDX HW DO +ROW +R FD AR KIDQDG HAR ADODV
2018, Kaushal et al. 2014a, Kaushal et al. 2014b, Leopold 1968, Naiman et al. 2005,
Oursel 2013, Rios and Bailey 2006, Steele et al. 2010, Tchounwou et al. 2012, Tormos
2010, Villeneuve et al. 2018, Wang et al. 200 $ O 7 L @retisthvigider et al. (2019)
ne mettaient pas en évidence de lien entre la bioconcentration et la restauration
K\ GURPRUSKRORJLTXH ,0 HVW SRVVLEOH TXH OHV GLIIpUF
ces auteurs et beaucoup plus large et plus intégratrice dans notre cas expliquent en

partie les différences de résultats.
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Compiler des données provenant de différentes campagnes effectuées a des
dates différentes présente desdéfis 1R XV DYRQV IDLW IDFH j OTDEVHQFH
certaines pressions au niveau de certains sites, conduisant soit a réduire le jeu de
données mobilisables, soit dans certains cas a ignorer la variable considérée. Et pour
certaines variables, des valeurs de contamination biodisponible extrémes ont été
observées sur certains sites, tracant des situations remarquables et trés spécifiques
avec des sources de contamination chimique trés diverses (industrie, site minier et
ancienne mine) a proximité, mais pas toujours identifiables. Un exemple est présenté
ci-GHVVRXV [Qy&nd,Fodt e téneurs en contamination biodisponible présentent
une distribution normale, mais également des valeurs exWUrPHV GDQV OfpWH«
[0.52,0.55] (Figure V.1).

FigureV.1 'LVWULEXWLRQ GH OD ELRFRQFHQWUDWLRQ GH OfD

2.2. Pressions dominantes sur la contamination biodisponible organique

$ILQ GIpWXGLHU OHV OLHQV HQWUH OHV SUHVVLRQV H
préoccupante, la contamination en polluants organiques persistants a été choisie.
'DQV OTpWXGH GHV OLHQV HQWUH OHV SUHVVLRQV HW O
polluants organiques persistants, les bioconcentrations en HAPs et PCBs se sont
montrées trés faiblement corrélées entre elles. Ces familles de contaminants sont

reliées a des pressions dominantes différentes et ont donc été traitées séparement.
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Les PCBs sont retrouvés dans les appareils transformateurs et condensateurs
POHFWULTXHY OD SHLQWXUH OHV SODVWLTXHV OHV KXLO
et al. 2016). Les HAPs sont issus du charbon et des huiles dans les produits du
goudron et les produits de la préservation du bois, ils sont aussi générés par la
combustion de ces matiéres organiques (EEA and Whalley 2018). Plus spécifiguement
en Europe, les HAPs sont originaires des productions et des traitements de métaux,
des échappements de véhicules, de la productLRQ GIpOHFWULFLWp DX Fk
chauffage domestique et des feux de forét. Dans nos résultats et au sein de chaque
famille, les bioconcentrations dans le gammare étaient corrélées entre elles et aussi a
respectivement la somme des HAPs et des PCBindicateurs. CeS associations ont permis
les représentations respectives des HAPs et des PCBs par la somme des HAPs et la

somme des PCBindicateurs.

Pour la contamination biodisponible en HAPs, les pressions positivement
FRUUpOpHYVY VRQW SDU RUGUH: Gfsb@pce/ pb@cttel® pe GamEitd RLV VD Q
urbaine, les nutriments et les matiéres organiques, les précipitations estivales, la
UHFWLWXGH GX FRXUV GYfHDX HW OD VRXUFHVSRGNWXHO
pressions dominantes figurent aussi dans la littérature et sont présentées ici par

guelques exemples.

X Les HAPs sont surtout issus du monde urbain (Barhoumi et al. 2019) tandis que
OHV VWDWLRQV GTpSXUDWLRQ QH VRQW SDV GHW VRXUFF
XQ JUDQG QRPEUH GITHQWUH HX[ UHVWHQW DVVRFLpV DX

X Quant au lien entre les nutriments et les polluants organiques, ces deux pressions
sont souvent présentes simultanément dans des milieux pollués chimiquement et
eutrophisés (Allan 2004).

X LespréecipLWDWLRQV VRQW FRQQXHV SRXU PRELOLVHU GHV
GfHDX FHOD D pWp PLV HQ DYDQW SDU SOXNUFHHMR Q R'DW
des périodes de pluies intenses (Blanchard et al. 2004, Ollivon et al. 1999).

X Les meéandres des rivieres PRGQqOHV QDWXUHOV GH GLVVLSDW]
permettent de répartir les dépbts de sédiments fins tout en offrant des conditions
physiques diversifiées (Garcia et al. 2012). Inversement la rectification des cours
G 1 H BeXbase sur un modele fluvial simplifié (représenté par le proxy utilisé de
rectitude)et SRXUUDLW VI{DFFRPSDJQHU GH PRLQV GTDGVRUSW
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les sédiments déposeés sur les berges et par conséquent une plus forte circulation
G1+$3V QRWDPPHQW ORUV GHV pSLVRGHV GH FUXH
X LesiQGXVWULHV VRQW DXVVL GH SRWHQWLHOOHV VRXUFL
Coles et al. 2012).
Pour la contamination biodisponible en PCBs, les effets les plus importants ont été les
VRXUFHV GLIIXVHV GH GHQVLWp XUEDLQH QtbVieY RXUFHV G
sources diffuses de densité de routes et, la taille du bassin versant. Cela est en
cohérence avec la littérature suivante :
X Les PCBs ne sont plus utilisés en France depuis les années 80 (CIRE 2010) mais
circulent encore dans les milieux urbains, industriels et routiers (Diamond et al.
2010).
X Plus le bassin versant est grand, plus le nombre de sources de pollution sera grand
et plus il est susceptible de contenir ce type de contaminants.

Nous nous attendions a une quantification du lien connu entre la contamination
biodisponible en PCBs et les sédiments, gros réservoir pour ces composes (Hubaux
DQG 3HUFHYDO PDLV FHOD QYD SDV pWp @QHGHDW 7R:
sédiments est principalement générée et modulée par les crues. Le jeu de données
GLVSRQLEOH HW XWLOLVp D pWp FRQVWUXLW WXpWVVWIRWU G TH
phénoméne de crue, pouvant en partie expliquer la non corrélation observée.

Les effets de rejets de substancesissues GfLQGXVWULHY SOXV VSpFLILT.
étre investigués. Par exemple, la relation entre les industries pétrochimiques et la
contamination biodisponible en HAPs pourrait étre quantifiée si les données
devenaient plus facilement accessibles. De plus, une donnée quantitative plus directe
desrejetV GHV LQGXVWULHY GDQV OHV FRXUV GYfHDX VHUDLW X
OHV VXUIDFHVY LQGXVWULHOOHY OD WDLOOH HW 8RR WREU
les pressions et les polluants organiques persistants, des données sur les anciennes
GpFKDUJHV HW LQGXVWULHV PRipdint&yrdedd DLHQW pJDOHPHQW G

'"I{DXWUHYV V XEVW D @QtedcumBie IpRoRhEos&idaires (notamment les
pesticides) et les contaminants émergents (notamment les produits pharmaceutiques)
QTIpWDLHQW SDV \exheNeLan hiosuvbilaiizél active au démarrage de la
thése, et QTRQW GRQF SDV pWp LQWpJUpV GDQV QRV DSSURFEk
travaux dans des zones spécifiques a une échelle plus réduite comme au niveau des
VRUWLHY GH VWDWLRQat aG J01.8, Mirizé\et 8.Q010)XAtuellement,
avec le développement de la surveillance de ces contaminants, nos approches multi-
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pressions et pressions-impacts pourront tout a fait étre utilisées pour ces contaminants

DILQ GITpWXGLHU OHXUV HIITHWV VXU OHV FRPPXQODKMMYV &H
SHUPHWWUDLW GH PLHX[ FRPSUHQGUH OHXU SUgstioHQFH DIL
nécessaires. &HSHQGDQW FRPPH OHV FRXUV GYHDX VRQW VI
substances, il ne serait pas possible de suivre par biosurveillance active la totalité des
VXEVWDQFHY HILVWDQWHYVY &HUWDLQHYV GH FHatre\pXx(EVWDQF|
DFFXPXODEOHV FYHVW OH FDV GH SOXVLHXUV SHVWLFLG
VIRULHQWHU YHUV GH \Wob 8igdg®Rde isiibstarigesw.HOEs @pproches

VRQW SOXW{W VSpFLILTXHVY GH OD UpSRQVH WARI[RDXH HWRB
de mue, etc.) qui sont représentatives des effets de mélanges de contaminants et sont
actuellement recommendées (Milinkovitch et al. 2019, Wernersson et al. 2014).

3. Liens entre les pressions et les communautés de macroinvertébrés

benthiques
31. (ITHW GH OD WR[LFLWp FKLPLTXH VXU O TPXPWEsipiSRORJL T X
/IHV LQWHUDFWLRQV HQWUH OHV SUHVVLRQV SHXYHQW

communautés biologiques et par conséquent sont de plus en plus investiguées. Nous

DYRQV pPLV LFL OTK\SRWKgVH TXH OD WR[LFLWQPVFKQRUEKH
les SUHVVLRQV HW OTpWDW GHV FRPPXQDXWpV j JUWPGH pFKkK
GHV VXEVWDQFHV FKLPLTXHV D pWp SHX pYDOXpH®®H OH
HVW GpWHUPLQpH SRXU TXHOTXHV VLWHYVY HW VDQW OfHIIH
2 /ID ELRVXUYHLOODQFH DFWLYH SHUPHW G HVOUIKND Q FK
GH WR[LFLWp FKLPLTXH OpWDOH HW VXEOpWDOHUIDFR®RH Of
échelle. &fHVW GRQF OD SUHPLqQUH IRLV TXH QRXV GIicW6SRVRQV
chimique dans le milieu a grande échelle spatiale. Nous avons ainsi pu étudier le rble

GH OD WR[LFLWp VK HR\L O VOKUH QY , H Q W U bMQiHsV qBUeH VV LR Q \
potentiel réle aggravant de la toxicité chimique sur ces relations |2Mz/stresseurs.

4XDQG OD WR[LFLWp FKLPLTXH DXJPHQWH DHXERIQQQWIDML R E
de la toxicité chimique létale ainsi que celle de la toxicité chimique sublétale étaient

DFFRPSDJQpHV GH OD MMt PQ R XQV IGRIQOE H WO Wette kentdaotp UH Q F H
est en accord avec notre hypothése selon laguelle la toxicité chimique est un stresseur

TXL SHXW DOWpUHU OfpWDW JpQpUDO GHV FRPPWEGDXWpV
GLPLQXWLRQ HVW PRLQV LPSRUWDQWH DYHEkit®IlBta/ R[LFLW [
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&RPPH GDQV OD OLWWpUDWXUH OD WR[LFLWp QYfHVW SDV
grande échelle, nous comparons nos résultats a des approches tenant compte de la
contamination chimique. Ces études ont montré que la contamination chimique (par

exemple, les substances organiques SHVWLFLGHV RX OfHVWLPDWLRQ C
meélange de substances (modélisation msPAF)) peut limiter le bon état écologique

(Inostroza et al. 2016, Malaj et al. 2014, Posthuma et al. 2020, Weber et al. 2018).

/HV SUHVVLRQV DOWpPUDWLRQ GH OYfK\GURPRUSKRORJ
matiéres organiques et, respectivement la toxicité chimique létale et sublétale), étaient
QpJDWLYHPHQW FR UNkp Coptravenient ik f@cfeurs naturels comme
OTR[\IJpQOWLRIHDX RX OD SUpVHQFH GH ULSLV\OYH &HV L
DWWHQGXHV HW RQW ODUJHPHQW pWp UDSSERKH WPHM &p QWL
écologique des communautés de macroinvertébrés benthiques est affectée par la
physico-chimie (les nutriments) et les altérations hydromorphologiques (Shi et al.

2019). Selon les contextes géographiques, la toxicité chimique influence plus ou moins

OHV FRPPXQDXWpV ELRORJLTXHV HQ UHODWLRQ DYHF OfLC
comme celles GH OYDOWpUDWLRQ K\GURPRUSKRORJLTXH HW Of
(Lemm et al. 2020). Nous avons égalementvu TXTHQ HQYLURQQHPHQW WRJ[LT
chimique létale), certaines relations I2Mz/stresseurs sont aggravées, en diminuant
significativement par exemple OfHIITHW SURWHFWHXU GHV ULSMN\OYHYV I
SOXV IDLEOHV SOXV ORLQ WdbHa @fjgt&\chiMiquz Hublétele forteé Q F H

les relations des stresseurs suivants (enrichissement en nutriments, oxygénation,

irrigation, drainage, franchissement GHV URXWHY LPSHUPpPDELOLYDWLRQ
ripisylve a 10 m et a 30 m) DY H EMO&aient aggravées significativement. /fHIIHW
FRPELQp HQWUH OHV QXWULPHQWYV HW OHV VXEVWDQFH
écologique a déja été mis en évidence dans la littérature par une aggravation des
UHODWLRQV HQ OYRFFXUUHQ FAlexender@tal VER L LEemdv pt # KLP LT XH
2020, Rasmussen et al. 2012).

/IHV HIITHWV LQGLYLGXHOV GHV SUHVVLRQV LQFOXDQW
écologique des communautés ont été étudiés par de la modélisation par équations
VWUXFWXUHOOHV /THIITHW G HMoDets\oRrdritifid. Quand Id toRitite X H V X U
chimique augmente, le bon état écologique diminue. Nous nous attendions a avoir plus
GTHIITHW GH OD WRI[LFLWp FKLPLTXH PDLV FHQDGSRRPRIGJPALHN C
GIpTXDWLRQV VWUXFWXUHOOHV D YiHds datrey p@dsidar@\LeSO XV QR

pressions dominantes (nutriments et matieres organiques et, altérations
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K\GURPRUSKRORJLTXHV VRQW GpMj PL\desvierjQe otVerf W GDQV
les communautés biologiques sont influencées majoritairement SDU Cafjdh @&V p
OTK\GURPRUSKR O Rs$¢mentHaN n@rhteQd) ¢t FpKiis la toxicité chimique
(Lemm et al. 2020).

Les liens quantifiés recherchés sont dépendants de la structure géographique
du jeu de données « hérité 2 F T44-di¥ construit par différents opérateurs sans
VWUDWPJILH GIpFKDQWLO-@RN QD [BH syrhrahiddtiénhU entrey Ua/
biosurveillance active, les pressions et la réponse des communautés. La durée
GYH[SRVLWDR®DBHHHW HVW GH MRXUV 6L FHWWH GEUpH GTH
OH QLYHDX GH FRQWDPLQDWLRQ HW G& WHRY DRLFVKH FOKILLRQLW K H
temporelle reste une limite au regard des réponses obtenues au niveau des
communautés. Certains flashs de contaminations ponctuels dans le temps peuvent ne
pas étrH SULV HQ FRPSWH VILOV RQW OLHX j XQ WRBH®W Gl
gammares. La variabilité de la contamination est dépendante des contextes, par
H[HPSOH OHV UHMHWY GHV VWDWLRQV GfpSXpBWLERUWRQ'
que lesrejetsdHV SHVWLFLGHYVY GDQV OHV FRXUV GYHDX VRQW S
possible et influence de la précipitation). Peut-rWUH TXYLO IDXGUDLW FRQVLC
plus continue dans le temps pour les encagements de gammares, les suivis des
communautés et les SUHVVLRQYVY &HOD SHUPHWWUDLW GfpWXGL
temporelle de chaque métrique et de voir si les relations déterminées entre la toxicité
chimique et les communautés a une date donnée sont représentatives des liens
existants sur une échelle de temps plus longue.

Les encagements ont lieu hors période de crue pour mesurer uniquement la
réponse chimique et donc la prise en compte de phénomenes hydrologiques extrémes
FRPPH OHV FUXHV QYD SDV pWp FRQVLGpUpH ,0 GBWHWRVVL
aVVRFLpHV | XQ IRQFWLRQQHPHQW GILQWpPUrwW GX FRXU'
evenements extrémes comme les crues, les étiages et lors des flashs de nutriments.
Par exemple, les crues peuvent influencer sur la mise en circulation de sédiments fins
auxquels peuvent étre adsorbés les contaminants potentiellement toxiques, arrivant
ainsi plus facilement aux communautés de macroinvertébrés. Nous suggérons de ne
pas tenir compte des évenements extrémes comme les crues mais plutot de leurs
conséquences, comme les réponses des communautés sont des réponses
intégratrices des pressions au fils du temps. Des échantillonnages peuvent avoir lieu
DSUqV OHV FUXHV /D VWUDWpPJLH GTpFKDQWLOOR®QDJH S
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réseau national de surveillance des eaux de surface pour lesquelles nous avons des
suivis hydrologiques (identifiant les crues et les étiages) et des suivis biologiques.

La toxicité chimique, mesurée par encagement de gammare et intégrée dans
ces approches pressions-impacts, pourrat EWUH FRPSOpWpH SDU OfpYDO:
WRI[LFLWp SDU GYDXWUHV VRQGHV ELRORJLTXHV 'LVSRVHL
issues de différentes sondes de biosurveillance active pourrait montrer une réponse
toxique plus complete et potentiellement mettre en avant plus de liens entre la toxicité

et les communautés.

3.2. Liens entre la toxicité chimique et les traits biologiques dans un contexte de multi-
pressions
&RPPH OTpWDW pFRORJLTXH D pWp UHSWMpXddsdp GH IDoF
sommes demandés si certaines fonctions particulieres des communautés de
macroinvertébrés benthiques pouvaient étre affectées par la toxicité chimique. Pour
évaluer les liens entre la toxicité chimique et les fonctions des communautés dans un
contexte multi-pressions, nous avons pu identifier par une analyse de co-inertie des
associations de stresseurs, incluant la toxicité chimique, avec des modalités de traits
biologiqgues des communautés de macroinvertébrés benthiques. Les associations
entre les stresseurs et les modalités de traits biologiques se sont montrées cohérentes,
allant dans le sens de nos hypotheses. Les stresseurs anthropiques (toxicité chimique
létale, toxicité chimique sublétale, occupation du sol anthropique, altérations
hydromorphologiques et, nutriments et matiéres organiques) ont été associés a des
modalités de traits (grandes tailles, plusieurs nombres de générations par an, adultes,
RYRYLYLSDULWp °XIV OLEUHV GLVSHUVLRQ DDX{IDAMLTXH .
fouisseurs, alimentation a base de micro-invertébrés et filtreurs). Ces résultats vont
dans le sens selon lequel une zone exposée aux stresseurs chimique présente en
général des communautés plus tolérantes (Clements et al. 2016). Les organismes qui
VIDOLPHQWHQW GHV GpS{WYV H pveseris\dahk cey/zortesadliarréédflk QW VR X
avec plus de matiéres organiques fines. Inversement, les facteurs environnementaux
« protecteurs » ont été associés aux modalités de traits sensibles aux altérations
SHWLWHYV WDLOOHV PRLQV GYXQH JpQpPUDWLRQ SDU DQ ¢
OLEUHV °XIV WHUUHVWUHYV GLVSHUVLRQ DFWLYH DpULH

alimentation de microphytes vivants et racleur). Les déchiqueteurs et les racleurs sont
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souvent présents dans les zones moins altérées. Nous observons donc des tendances
GIDVVRFLDWLRQ VVa-Vip Qgs WiDMathres del ddmmunautés plus ou moins
DOWpUpHVY HW QYLGHQWLILRQV SDV GHV DVVH AFAKDNIXRQV S
stresseur notamment la toxicité chimique avec les modalités de traits biologiques. Voici
guelques exemples évoqués dans la littérature des modalités de traits biologiques qui
VIDVVRFLHQW DX[ VWUHVVHXUVY HW FHOOHYV TXL VRQW SUp\
X IMTRYRYLYLSDULWp HVW DGRSWpH Skbuofaktd/aiRiueddyeégL VPHV S
OYDXJPHQWDWLRQ GHV SUHVVLRQV QRWDPPHQBO OD SU
&THVW pJDOHPHQW XQH PRGDOLWpP GH WUDIHWDVVR
al. 2007).
X La pollution organique, associée a un déficit en dioxygéne, conduit & une
préférence pour les organismes avec une respiration aérienne (Dolédec and
Statzner 2010).
X Avec la pollution en métaux, les organismes sont plus de petite taille, & respiration
brachiale et les prédateurs dominent. La réduction de la taille induirait une moindre
exposition au polluant (Dolédec et al. 2006, Statzner and Béche 2010).

Cette approche fonctionnelle a permis une identification des associations
WR[LFLWp WUDLWV HW FH W\SH GUaD:8pdsRierKiakohovhijueGRQF V X
des commuautés peut étre définie pour identifier les taxons associés aux modalités de
traits mis en évidence dans notre approche (notamment la taille maximale, le stade
aquatique, la reproduction et, le mode de locomotion et la relation avec le substrat).
3RXU pWXGLHU GHV UpSRQVHV GHV FRPPXQDWWIpVXHEWDWVp
fonctionnelles, des indicateurs de diversité fonctionnelle pourront étre utilisés pour
UHSUpVHQWHU OHV FRPPXQDXWpV /IDWRXW GH GWEBLYHUYV
HVW G Hemilohkhegmedt{ la structure (abondance) des communautés et les
propriétés écosystémiques (Villeger 2008). La diversité fonctionnelle peut étre
représentée par différents indicateurs comme la richesse fonctionnelle (volume
IRQFWLRQQHO GH O 1H VS tomrunBUEey, XIS pegddité fonctionnelle

UpJXODULWp GH OD GLVWULEXWLRQ GH OfDERXH®IGIFH G
IRQFWLRQQHOOH GLYHUJHQFH GDQV OD GLVWULEXOMLRIG G F
et al. 2008) représentés dans la|Figure V.2|GIDSUqV ORXLOORW HW DO
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Figure V.2 )JLJXUH UHSUpVHQWDQW GHV PpWULTXHV GH OD GL
Mouillot et al. (2013) DYHF OHV HVSgFHV VRXV IRUPH GH SRLQWYV
espéeces suivant la taille des cercles remplis.

4. Intéréts des approches développées pour la gestion des milieux
/I YDSSURFKH IDLVDQW OHV OLHQV HQWUH OHV SUHVVLF
biodisponible présente un fort intérét en gestion de milieux aquatiques. La sortie de ce
travail permet ou permettrait aterme G L G H @GW VI IOHHY L H LeW s& eBantelr R Q
la considération de multi-échelles et de multi-processus et, en déterminant les sources
ou les pressions fortes sur les communautés. Les pressions dominantes impliquées
dans le devenir et le niveau de contamination en HAPs et en métaux ont pu étre
LGHQWLILpHYVY FH TXL RXYUH OD TXHVWLRQ GIDPpQDJHP
activités émettriFHVY OLPLWDWLRQ GH OYLPSHUPpPpDELOLVDWLRQ F

tampons). Pour les PCBs, qui ne sont plus utilisés et dont la présence est trés diffuse

dans les milieux, il est difficile de proposer des actions de remédiation. La|Figure V.3

adaptée de Sarkis et al. (2021) illustre cette différence de pressions dominantes a des
échelles différentes entre les HAPs et les PCBs mise en évidence dans nos approches.
/ITDSSURFKH OLDQW OHY p&U sehviv R iease mathoddifigique pour
FRPSUHQGUH OH U{OH GHV SUHVVLRQV LQFOXDQ®&H®D WR]I
communautés de macroinvertébrés benthiques et leurs fonctions. En conservant les
mémes FRQWH[WHV GH S Uadue/leR Qévmeskdfiddieéntd) et a partir des
relations obtenues (corrélations), des prédictions des risques de contamination sont
possibles pour des bassins versants précis. La prédiction spatiale pourrait donc étre

envisagée mais la prédiction temporelle des risques de contamination semble plus
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compliqguée comme le contexte des sites peut varier au fils du temps suite aux actions

de remédiation.

Figure V.3 : Contraste entre les pressions dominantes sur les HAPs et les PCBs
(Figure adaptée de Sarkis et al. 2021).
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CONCLUSION

Au cours de cette these nous avons répondu a deux buts principaux OfpYDOXDWLR
des liens entre les pressions et la contamination chimique biodisponible ainsi que
O 1L G H Q WurblerdB MVt chimique sur les réponses des communautés dans
un contexte multi-pressions.

1RXV DYRQV GTDERUG RSWp SRXU XQ FDGUHDB RWHKRLGRIOF
les liens entre les pressions anthropiques et la contamination chimique biodisponible.
Nous avons quantifié les liens entre les pressions anthropiques et la contamination
biodisponible en métaux. Quand toutes les pressions (occupation du sol, densité des
LQGXVWULHY GHQVLWpPp GHV VWDWLRQV GTpSXUDWLRQ
hydromorphologique et facteurs de biodisponibilité) augmentent, la contamination
biodisponible métallique augmente. Et quand la protection par la ripisylve augmente,
la contamination biodisponible métallique diminue. Nous avons quantifié les liens entre
les pressions anthropiques et la contamination biodisponible en HAPs et PCBs. La
FRQWDPLQDWLRQ ELRGLVSRQLEOH HQ +3$3V DXJPWWQLVRIKD\DY H
ponctuelles (sources ponctuelles de densités urbaines, nutriments et matieres
RUJDQLTXHYVY HW VRXUFHVY SRQFWXHOOHY GH GHGVLMWMPW GH\

SUpFLSLWDWLRQV HVWLYDOHYV 3RXU OHV 3&%V LOV DX

sources de contamination diffuses. Cette famille de contaminante VW WpPRLQ GTXQH I
imprégnation historique des bassins, alors que ces sources de production et
GIXWLOLVDWLRQ VRQW GpVRUPDLY EDQQLHV

Nous avons évalué le rble de la toxicité chimique (Iétale et sublétale) sur les
relations état écologique/stresseurs (plus spécifiguement pour les nutriments et les
PDWLqUHV RUJDQLTXHV HW OfDOWpUDWLRQ K\GUWPRUSK
pYDOXp OHV HIIHWV GHV SUHVVLRQV LQFOXDQW OD WEF
communautés de macroinvertébrés benthiques. Plus la toxicité chimique était forte,
SOXV OD UHODWLRQ pWDW pFRORJLTXH VWUHVVHXU pWDLW
SDUMOITVYTPORLIQH GH OD UplpUHQFH DYHF OYDXJPHQWDWL
incluant la toxicité chimique. Enfin, nous avons identifié aussi les associations entre
OHV VWUHVVHXUV GHV SUHVVLRQV RFFXSDWLRQ GX VRO (
nutriments et les matiéres organiques, la toxicité chimique |étale et la toxicité chimique
sublétale) et les traits biologiques des communautés de macroinvertébrés benthiques.

Les univers a forte densité de stresseurs se distinguent nettement des espaces moins
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anthropisés, avec également des associations de traits caractéristiques des deux
ensembles de milieu anthropisé et naturel. Nous avons identifié des associations des
traits de facon globale avec les stresseurs incluant cette toxicité chimique.

En résumé, nous avons pu intégrer pour la premiere fois la contamination
chimique biodisponible et la toxicité chimique du milieu dans des approches multi-
pressions et pressions-impacts. Nous avons quantifié les effets des causes
potentielles de la contamination chimique. Mais aussi, nous avons mis en évidence le
réle de la toxicité chimique sur les communautés (suivant un indicateur globalde O fpWDW
écologique des communautés et des traits biologiques) dans un contexte de multi-

pressions.
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