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Résumé

La vitesse et l'intensité des changements globaux nécessitent de nouveaux moyens d’observations de la
biodiversité qui soient rapides, non-destructifs, standardisés, déployables a large échelle et dans les
écosystemes les plus reculés (océan profond). Les méthodes de recensement classiques reposent sur
I'identification morphologique ou sonore des especes, mais celles-ci sont coliteuses en temps et en
expertise. Au-dela de ces signaux, les animaux laissent aussi des traces d’ADN dans leur environnement sous
la forme de cellules dermiques, de mucus ou de feces. Le metabarcoding de cet ADN environnemental
(ADNe) consiste a le collecter, 'amplifier et le séquencer pour identifier les espéces présentes grace a des
bases de séquences génétiques de référence. Or, ces bases de référence sont incompletes, ce qui limite
fortement le potentiel de 'ADNe pour révéler la biodiversité présente. Cette thése a pour but de développer
une approche alternative basée sur des unités taxonomiques moléculaires (MOTUs) pour analyser la
biodiversité des macroorganismes aquatiques, et plus particulierement celle des poissons osseux. J'ai tout
d’abord réalisé une synthése globale et spatialisée de la couverture taxonomique des bases de référence de
séquences génétiques pour tous les poissons osseux, qui montre une sous-représentation des especes de la
zone tropicale ainsi que des lacunes concernant les especes menacées et non-indigenes. Seules 13% des
espéces de poisson sont séquencées pour le marqueur le plus commun, ce qui exclut toute ambition
d’analyse exhaustive de la biodiversité par assignation aux espéces a court et moyen terme. En conséquence,
j’ai développé un pipeline bio-informatique pour générer des estimations de la diversité en unités
taxonomiques moléculaires (MOTUs) par famille de poissons. Les résultats démontrent que cette diversité
en MOTUs représente un excellent substitut de la diversité en especes a différentes échelles spatiales.
Ensuite une application du metabarcoding de I’ADNe et de I'approche en MOTUs a permis d’estimer la
diversité fonctionnelle, basée sur les traits des especes, et la diversité phylogénétique, basée sur I'histoire
évolutive des espéces, des poissons tropicaux de maniere plus exhaustive que des méthodes traditionnelles
(vidéos, plongées). Enfin, dans une premiere analyse globale de la diversité des récifs coralliens en ADNe, qui
rassemble 251 échantillons récoltés depuis I'Océan Indien jusque dans les Caraibes, I"'approche en MOTUs
permet de reconstruire les gradients biogéographiques des poissons mais aussi de révéler une hétérogénéité
spatiale locale jusqu’alors sous-estimée. Alors qu’il est aujourd’hui crucial de mettre en place des méthodes
de suivi efficaces, non dépendantes de spécialistes et a haute fréquence temporelle pour mieux comprendre
les effets des changements globaux sur la biodiversité, ces travaux démontrent tout le potentiel de ’ADNe
avec approche en MOTUs pour construire des indicateurs robustes de plusieurs facettes de la biodiversité a
plusieurs échelles, mais aussi tester les hypotheses théoriques sous-jacentes a la distribution de cette
biodiversité.
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Abstract

The speed and intensity of global change requires new means of observing biodiversity that are rapid,
non-destructive, standardized, widely deployable and in remote ecosystems (deep sea). Conventional
inventory methods are based on morphological or acoustic identification of species, which are costly in
terms of time and expertise. Beyond these signals, animals also leave traces of DNA in their environment
in the form of dermal cells, mucus or feces. The metabarcoding of this environmental DNA (eDNA)
consists in collecting this DNA, amplifying and sequencing it to identify the species present using a
genetic reference database. However, these reference databases are incomplete, which severely limits
the potential of eDNA. The aim of this thesis is to develop an alternative approach based on molecular
taxonomic units (MOTUs) to analyze the biodiversity of aquatic macroorganisms, and more particularly
that of bony fish. | first performed a global and spatialized synthesis of the taxonomic coverage of the
genetic reference database for all bony fishes, which shows an under-representation of species in the
tropical zone as well as taxonomic gaps for endangered and non-indigenous species. Only 13% of fish
species are sequenced for the most common marker, which excludes any ambition for an exhaustive
analysis of biodiversity using only species-level assignments in the short or medium term. Consequently,
| have developed a bioinformatics pipeline to generate estimates of diversity using molecular taxonomic
units (MOTUs) by fish family. It shows how this MOTU diversity represents an excellent proxy for species
diversity at different spatial scales. Then an application of eDNA metabarcoding and the MOTUs
approach allowed to estimate the functional diversity, based on species traits, and the phylogenetic
diversity, based on the evolutionary history of the species, of tropical fishes in a more exhaustive way
than traditional methods (videos, dives). Finally, in a first global analysis of coral reef diversity in eDNA,
which brings together 251 samples collected from the Indian Ocean to the Caribbean, the MOTUs
approach allows the reconstruction of major trends in fish biogeography but also reveals local spatial
heterogeneity hitherto underestimated. While it is now crucial to set up efficient, non-specialist
dependent and high temporal frequency monitoring methods to better understand the effects of global
changes on biodiversity, this work demonstrates the full potential of eDNA using a MOTUs approach to
build robust indicators of several facets of biodiversity at several scales, but also to test theoretical
hypotheses underlying the distribution of this biodiversity.

Keywords: eDNA, biodiversity, community, coral reef, clustering, MOTU
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Introduction Générale

1. Des changements rapides de la biodiversité

1.1. Changements globaux et perte de biodiversité

La biosphere comprend environ 1.9 millions d’espéces décrites, parmi lesquels 1.3 millions de
métazoaires, avec un nombre total d’especes estimé entre 3 et 100 millions (Mora et al. 2011, Grosberg
et al. 2012, Costello et al. 2013, Larsen et al. 2017, Roskov et al. 2019). Parmi cette diversité, on compte
prés de 70,000 espéces de vertébrés décrites avec de nombreuses restantes a découvrir (Mora et al.
2011, Appeltans et al. 2012, Roskov et al. 2019). Cette biodiversité est a la base du fonctionnement des
écosystemes et essentielle a I'existence humaine. Les activités d’origine humaine exercent une pression
croissante sur les écosystemes et la biodiversité (Dirzo et al. 2014, Diaz et al. 2019a). Récemment,
I'IPBES (Plateforme Intergouvernementale Scientifique et Politique sur la Biodiversité et les services
écosystémiques) a réuni plus de 150 scientifiques pour rédiger le rapport de I'évaluation mondiale 2019
sur la biodiversité et les services écosystémiques a destination de la société civile (Diaz et al. 2019b),
synthétisant plus de 15,000 publications scientifiques. Leurs conclusions révelent la détérioration
importante et globale des écosystemes et de la biodiversité a travers le monde. Le rythme des
changements ces 50 dernieres années est inédit dans I'histoire de I"humanité avec 25% des especes
animales et végétales évaluées qui sont déja menacées (Fig. 1) et des projections qui indiquent une
forte augmentation de cette proportion si aucune mesure n’est prise pour réduire I'impact des facteurs

anthropiques (Diaz et al. 2019a).
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Fig. 1. Pourcentage d’especes menacées d’extinction par groupe taxonomique. Figure adaptée de Diaz
etal. (2019a).

Alors qu’aucun écosysteme n’est épargné par ces impacts d’origine anthropique, tous ne sont
pas sujets aux mémes causes, aux mémes intensités ou aux mémes conséquences (Halpern et al. 2015).
Dans les écosystemes terrestres et d’eau douce, ce sont les changements d’utilisation des terres qui ont
I'impact le plus important, notamment en détruisant ou en fragmentant les habitats naturels (>50% des
zones humides ont disparu depuis 1900)(Davidson 2014), puis I'exploitation directe des organismes, a
travers la collecte, la chasse ou la péche. Dans les écosystémes marins les facteurs sont inversés avec
I'exploitation directe, donc la péche, qui a le plus fort impact sur le milieu (Jackson et al. 2001). Le
changement climatique est actuellement la troisieme pression par ordre d’importance dans I'érosion
de la biodiversité. Toutefois, les projections indiquent que dans les prochaines décennies ce sera le
facteur le plus influant sur une biodiversité déja extrémement impactée par les activités humaines
(Hughes et al. 2017, Thiault et al. 2019, Duarte et al. 2020). Il est relativement complexe d’estimer avec
précision les conséquences prochaines des changements climatiques sur la biodiversité, notamment en
raison de possibles boucles de rétroaction amplifiant les changements de température prévus par les
modeles, tels que la fonte du permafrost ou encore le relargage de méthane depuis les zones humides
(Steffen et al. 2018) et d’effets synergiques entre celui-ci et les autres impacts cumulés sur un méme

écosysteme (Darling et al. 2010, Halpern et al. 2015, Holsman et al. 2020). La quantité de gaz a effet de
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serre actuellement présente dans I'atmosphere (409.8 ppm en moyenne en 2019) suggére toutefois
gu’une augmentation globale de 1.5°C est déja un minimum d’ici les prochaines années, et que seuls
d’énormes efforts pourraient permettre de ne pas dépasser les 2°C et de limiter les conséquences sur

la biosphére (Leclere et al. 2020).
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Fig. 2. Nombre cumulé d’espéces recensées comme éteintes dans la nature par I'lUCN en 2012 par
groupe taxonomique. La ligne en pointillés représente le nombre d’extinctions attendu selon un taux
naturel de 2 extinctions pour 10 000 especes en 100 années (2E/MSY). Figure adaptée de Ceballos et al.
(2015).

Les taux d’extinction d’espéces sont actuellement estimés entre 10 a 1000 fois plus élevés que
lors de I'époque préindustrielle (Pimm et al. 2014, Ceballos et al. 2015, 2020), ce qui suggere que la
biosphere pourrait étre a I'aube d’une sixieme extinction de masse (Barnosky et al. 2011)(Fig. 2), avec
des especes déja déclarées éteintes localement due aux changements climatiques actuels (Wiens 2016).
Toutefois, les actions de conservation contemporaines mises en place suite au placement des espéces
sur liste rouge ont certainement permis d’éviter I'extinction de nombreuses especes de vertébrés
(Hoffmann et al. 2010, Bolam et al. 2020). Parmi les facteurs de risque d’extinction, la taille et la masse
des organismes semblent jouer un role, avec les plus petites et plus grandes especes plus susceptibles
d’étre menacées ou éteintes que les espéces de taille intermédiaire (Ripple et al. 2017). Typiquement,
apres contact avec des populations humaines, les espéces les plus grandes sont la cible de la chasse ou

de la péche, et subissent une forte diminution de leur abondance et risquent I'extinction (Jackson et al.
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2001, He et al. 2018, Ripple et al. 2019). D’autres traits d’histoire de vie sont également corrélés aux
risques d’extinction, tels que I'dge a maturité et la capacité de reproduction ou le régime alimentaire
(Hutchings et al. 2012, Atwood et al. 2020). Les especes ayant une durée de vie longue et se
reproduisant tardivement sont naturellement plus impactées par des activités extractives, car les
populations n‘ont pas le temps de se régénérer (Reynolds et al. 2005). Le déclin des populations
sauvages d’une espéce est un signe avant-coureur du risque d’extinction, ou I'lUCN place les espéeces
ayant moins de 1000 individus restants dans la plus haute catégorie de classification (CR; danger
critique d’extinction)(Ceballos et al. 2020). Au moins 515 especes de vertébrés terrestres (1.7% du total)
sont considérées comme en danger critique d’extinction (Fig. 3). Beaucoup d’espéces ne sont pas
évaluées par I'lUCN ou assignées en DD (Data Deficient) soulignant qu’il y a un manque de données sur
leur répartition géographique et abondance pour correctement évaluer leur statut de conservation

(Bland et al. 2015).
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G (2020).

La valeur économique accordée aux especes peut également favoriser leur déclin, voire leur

Population size by category of species with less than 1000 individuals (%)

extinction. Cette valeur marchande peut méme représenter le facteur principal de déclin d’une espéce,
indépendamment de ses caractéristiques biologiques au-dela d’une valeur seuil (> 12 557S.kg™?) (Purcell
etal. 2014, McClenachan et al. 2016). Alors que le déclin en abondance des espéces pourrait décourager
leur exploitation qui ne serait plus rentable et ainsi éviter I’extinction, la rareté peut en réalité provoquer
une augmentation de la valeur marchande des especes, et au contraire encourager |'exploitation
d’espéces déja fortement en déclin (Courchamp et al. 2006) (Fig. 4. A, B). Cet effet a été baptisé I'effet
Allee anthropogénique. De nombreux exemples illustrent ce phénomene, notamment I’exploitation de
I'abalone blanc (Haliotis sorenseni) dont la population a décliné de 99.99% suite a la surpéche et dont

le prix a augmenté de facon inversement proportionnelle au déclin de I'espéce (Fig. 4. C).
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Fig. 4. lllustration de I'effet Allee anthropogénique avec un modeéle d’espéce exploitée. Le prix (ligne
rouge) et le co(t par unité (ligne bleue) en fonction de la taille de population quand (A) le prix est
constant etindépendant de la population et (B) le prix augmente quand la taille de |la population diminue
avec (C) un exemple du phénoméne avec l'exploitation commerciale d’un gastéropode (Haliotis
sorenseni), ou les captures et les populations diminuent, mais le prix augmente exponentiellement entre
1972 et 1992. Figure adaptée de Courchamp et al. (2006).

1.2. Changements globaux et remplacement des especes
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Fig. 5. Schéma de la partition spatiale de la diversité aux échelles alpha, beta additive selon Baselga
(2010) et gamma. Figurée adaptée de Socratic.org, crédit : Kate M.

Toute mesure de biodiversité est a interpréter en termes d’échelles, notamment spatiales
(Legendre and Fortin 1989). En écologie, la diversité est communément partitionnée spatialement en 3
composantes : la diversité alpha (échelle locale), la diversité gamma (échelle régionale) et la diversité
beta, représentant la variation de composition entre des communautés (Whittaker 1972) (Fig. 5).
Plusieurs indices de diversité existent a chacune de ces échelles, et peuvent prendre en compte (ou
non) les abondances et propriétés des espéces au-dela de leur taxonomie. Ainsi, les changements de
biodiversité ne sont pas identiques a chaque échelle de perception. Alors que la perte en biodiversité
globale ainsi que les changements de communautés biotiques sont clairement documentés (Ceballos et
al. 2020), les variations de richesse a I’échelle locale démontrent des résultats plus contrastés, avec des
zones présentant des gains et d’autres des pertes de richesse (Dornelas et al. 2014, McGill et al.
2015)(Fig. 6). Les pertes d’espéces a I'échelle locale peuvent étre compensées par 'arrivée de nouvelles

especes, créant ainsi de la diversité beta sans changement de richesse localement.
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Fig. 6. Schéma identifiant les grandes tendances de la biodiversité aux 15 différentes échelles définies

!

par McGill et al. 2015. Alors que certaines tendances sont bien documentées (fleches pleines, par
exemple la diversité globale en diminution), d’autres manquent encore d’études empiriques pour
valider les tendances (fleches vides, par exemple la beta-diversité spatiale a toutes les échelles) et
d’autres encore sont trop peu étudiées pour émettre des hypothéses consensus (les points
d’interrogation, par exemple la biomasse a I'échelle globale). Figure adaptée de McGill et al. (2015).

Une analyse de la plus large base de données de séries temporelles accessible, incluant 50 000
séries temporelles issues de 239 études rassemblées dans la base de données BIOTIME (Dornelas et al.
2018) révele que les changements de biodiversité ne sont pas homogenes mais structurés spatialement
(Blowes et al. 2019). Le nombre d’espéces a I'échelle globale diminue (diversité gamma) car les
extinctions ne sont pas compensées par un nombre égal d’apparition d’especes (évolution), mais a
I’échelle locale (alpha), il n’y a en moyenne pas de signal homogeéne de perte ou de gain de richesse
(Vellend et al. 2013, Dornelas et al. 2014, Yoccoz et al. 2018). Une décomposition de la diversité beta
en ses composants de nestedness (« emboitement ») et turnover (« remplacement ») (Baselga 2010)
révele que les assemblages ne deviennent pas de plus petits sous-échantillons d’une diversité régionale,
mais qu’ils changent en composition car la composante de turnover (« remplacement ») est majoritaire.
Les causes de ces remplacements peuvent étre liées a I'introduction d’espéces non-indigenes (Kortz and
Magurran 2019), I'arrivée d’especes généralistes au détriment des espéces spécialistes plus sensibles
aux perturbations (Nordberg and Schwarzkopf 2019), au changement climatique provoquant une
migration des especes (Feeley et al. 2013) ou bien encore aux modifications anthropiques des habitats
ou I'exploitation des populations (Frank et al. 2018). Ces remplacements sont susceptibles d’entrainer

une homogénéisation biotique entre les régions a travers une diminution globale de la beta-diversité
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(Magurran et al. 2015, Kortz and Magurran 2019), comme cela a été montré sur une des communautés
de plantes au Danemark au cours de 140 années, malgré une augmentation de la richesse liée a

I'introduction d’especes non indigenes (Nielsen et al. 2019).

Les changements climatiques forcent les especes a migrer au-dela de leur aire de répartition
originale (Vergés et al. 2014, Pecl et al. 2017, Lenoir et al. 2020). Cette migration s’effectue
généralement vers des latitudes ou altitudes plus hautes lorsqu’elles ne sont pas adaptées pour tolérer
ces changements de conditions abiotiques. L'ampleur des changements prédits est tel que la majorité
des especes devraient étre amenées a migrer en réponse aux changements de conditions abiotiques
(Lawler et al. 2013, Antdo et al. 2020), malgré la mise en évidence de processus d’adaptation génétique
aux contraintes environnementales (Razgour et al. 2019). Ces espéces migrantes étendent leur aire de
répartition, ce qui questionne leur statut en tant qu’espéce non-indigene. Ce sont plutdt des espéces
réfugiées climatiques ayant besoin de mesures de protection ou bien d’espéces néo-natives (Scheffers
and Pecl 2019). Les migrations d’espéces sont susceptibles d’avoir des conséquences importantes et de
provoquer une réorganisation fonctionnelle des écosystemes concernant le cycle de I’'eau ou les réseaux
trophiques (Pecl et al. 2017, Nagelkerken et al. 2020). Le bouleversement de la répartition des espéces
sur Terre s’accélere et reste extrémement difficile a suivre et prédire a large échelle compte tenu
notamment de I'ampleur géographique, de la forte diversité en especes présentes et de la vitesse des

changements.

1.3. Erosion des diversités phylogénétiques et fonctionnelles

L"érosion de la biodiversité est traditionnellement considérée dans sa dimension taxonomique,
c’est a dire en termes de richesse et composition en espéces. Or il est de plus en plus reconnu que la
seule identité des espéces n’est pas suffisante pour comprendre les changements et conséquences des
restructurations biologiques, car toutes les especes ne sont pas équivalentes et deux extinctions
n’auraient pas les mémes conséquences dans un écosystéme selon les traits écologiques et |'histoire
évolutive des deux espéeces éteintes (Pollock et al. 2020). Ces deux facettes sont couramment proposées
pour compléter la diversité taxonomique : il s’agit de la diversité fonctionnelle, qui considere le role des
especes a travers les fonctions effectuées dans leur environnent, et la diversité phylogénétique, qui

considére la divergence évolutive entre especes d’un assemblage.

La mesure de diversité fonctionnelle repose sur la valeur des traits fonctionnels d’especes qui

composent une communauté (Petchey and Gaston 2006). Ces traits peuvent étre phénotypiques,
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comportementaux ou physiologiques (Violle et al. 2007). Ces combinaisons de traits sont directement
lites aux fonctions exercées par les organismes, par exemple la taille et le régime alimentaire
conditionnent les flux trophiques entre espéces. Des mesures de traits fonctionnels permettent
également de définir la niche écologique des espéces (Dehling et al. 2016), ol un espace en 4
dimensions construit avec une combinaison de 9 traits morphologiques est suffisant pour extraire la
niche trophique de la quasi-totalité des espéeces d’oiseaux (Pigot et al. 2020). Les especes peuvent ainsi
étre classées en groupes fonctionnels : un ensemble d’espéces partageant les mémes valeurs de traits
ou accomplissant un role considéré comme similaire dans I'environnement, par exemple les espéces de
poissons récifaux herbivores de taille moyenne se nourrissant de gazon d’algues (« turf ») (Bellwood et
al. 2019). Différents indices permettent de quantifier la diversité fonctionnelle, depuis la richesse en
groupes fonctionnels (Mouillot et al. 2014) au placement dans un espace multidimensionnel pour en
dériver la richesse fonctionnelle (FRic) (Villéger et al. 2017) ou la rareté fonctionnelle (Grenié et al.
2018). La diversité phylogénétique quantifie I'étendue de I'histoire évolutive présente dans une
communauté. Plus une communauté présentera de taxa éloignés sur I'arbre phylogénétique, plus sa
diversité phylogénétique sera importante ; elle correspond généralement a la somme des longueurs de

branches composant la communauté (Faith and Baker 2006, Tucker et al. 2016).

Alors que la diversité phylogénétique a souvent été considérée comme un substitut de la
diversité fonctionnelle sous I’hypothese que plus deux especes sont proches phylogénétiquement, plus
leurs traits fonctionnels seront semblables, de récents travaux remettent en cause cette hypothese
(Mazel et al. 2018) ou révelent une asynchronie dans la réponse de ces deux facettes a une méme
perturbation (Devictor et al. 2010, Monnet et al. 2014). Les mesures de biodiversité sont donc a
considérer a travers une approche multifacette, ou chacune est complémentaire et nécessaire afin
d’évaluer a la fois les réponses de la biodiversité face aux pressions mais également l'influence de la
biodiversité sur le fonctionnement des écosystémes et les services associés (Pollock et al. 2020,

Trindade-Santos et al. 2020).
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Fig. 7. Contribution des especes a la diversité fonctionnelle et leur statut de conservation. Figure
adaptée de Pimiento et al. (2020).

Cette approche multifacette permet de mieux définir les aires géographiques prioritaires en
conservation afin de protéger non seulement la diversité des taxa, mais aussi la diversité des traits et
des lignées phylogénétiques (Albouy et al. 2015, Pollock et al. 2017, Stein et al. 2018). En utilisant des
scénarios de changements climatiques, il est aussi possible de modéliser les dynamiques des différentes
facettes de la biodiversité (Monnet et al. 2014). En mer Méditerranée par exemple, sous un scénario
d’extinction de 40 espéces de poissons marins, la perte de diversité fonctionnelle est projetée d’étre
limitée (3%) par rapport a perte de diversité phylogénétique (13%), grace a la forte redondance
fonctionnelle des especes présentes dans ce bassin (Albouy et al. 2015). Ce résultat est également
obtenu sur des communautés de plantes et vertébrés terrestres européens (Thuiller et al. 2011). Afin
de prendre en compte la spécialisation fonctionnelle ainsi que le risque d’extinction, un nouvel indice a
été mis au point : FUSE (Functionally unique specialized and endangered) afin d’identifier les espéeces
fonctionnellement importantes, non remplagables et en méme temps menacées d’extinction (Pimiento
et al. 2020)(Fig. 7). Lapplication de cet indice a la mégafaune marine (>45 kg) révele que si toutes les
espéces menacées aujourd’hui disparaissent, 48% de la diversité fonctionnelle globale disparaitrait avec
elles (Pimiento et al. 2020). Etudier le remodelage des communautés passées face aux changements
climatiques permet d’avoir un apercu des évolutions a venir. Les analyses des variations spatiales de

diversité phylogénétique lors de la derniere glaciation du Quaternaire révélent ainsi une importante

22



homogénéisation phylogénétique a I'échelle de toute I'Europe, dont les conséquences sur les

assemblages sont encore présentes apres plusieurs millénaires (Saladin et al. 2020).

1.4. La vulnérabilité des poissons aux changements globaux

Les poissons osseux (Ostéichthyens, comprenant les classes Actinoptérygiens et
Sarcoptérygiens, groupe non monophylétique) et cartilagineux (Elasmobranches, comprenant raies,
requins et chimeres) représentent prés de la moitié des especes de vertébrés avec environ ~32,000
espéces d’Actinoptérygiens et ~1,200 espéces d’Elasmobranches (Froese and Pauly 2000). Ces
organismes provenant de lignées anciennes (530 millions d’années pour les Ostéichthyens et 450
millions d’années pour les Elasmobranches) ont colonisé la quasi-totalité des habitats aquatiques de la
planete, y compris les abysses jusqu’a pres de 8000m de profondeur pour les poissons osseux, et
présentent une large variété de traits d’histoire de vie et de niches écologiques (Nelson et al. 2016,
Gerringer et al. 2017). Les poissons osseux représentent environ 0.7 Gt (0.7 10° tonnes) de biomasse,
et jouent un role clé dans le cycle du carbone (Wilson et al. 2009, Irigoien et al. 2014, Bar-On et al.
2018). Au-dela de leur importance écologique, ils remplissent également des roles essentiels pour les
sociétés humaines a travers les pécheries mondiales, qui extraient plus de 100 millions de tonnes de
poissons chaque année (Pauly and Zeller 2016). lls assurent ainsi la sécurité alimentaire des populations

de nombreux pays (Cisneros-Montemayor et al. 2016, Hicks et al. 2019).

Fig. 8. Photos de Psephurus gladius, poisson d’eau douce déclaré éteint en 2020 (A) et de Sympterichthys
unipennis, poisson marin déclaré éteint en 2018 (B). Crédits : Lapandr, Adobe Stock (A) et Antonia Cooper

(B).

Les poissons d’eau douce représentent plus de 15 000 especes vivantes sur I'équivalent de 1%

de la surface terrestre (Collen et al. 2014), alors que le méme nombre de poissons marins se répartissent
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a travers tout I'Océan mondial (Froese and Pauly 2000). lls sont aujourd’hui considérés comme faisant
partie des vertébrés les plus menacés au monde, avec 12% des espéces menacées, contre 4% pour les
poissons marins (Collen et al. 2014). De nombreux poissons d’eau douce sont déja éteints, comme par
exemple I'espadon chinois (Psephurus gladius) qui pouvait atteindre 3m de long (Fig. 8. A). Alors que 25
tonnes de ce poisson étaient péchées annuellement dans les années 1970, la pression de péche
combinée a l'altération de son habitat par la construction d’un barrage hydraulique le mena a
I’extinction en a peine 50 ans (Zhang et al. 2020a). Les extinctions contemporaines dans le domaine
marin sont extrémement rares (Dulvy and Polunin 2004), ce qui suggere que les especes marines sont
moins susceptibles de s’éteindre actuellement a I'échelle globale, ou bien que les extinctions ont déja

eu lieu mais n’ont pas été détectées.

L'unique extinction contemporaine d’un poisson marin a été prononcée en 2018, il s’agit du
poisson-main lisse (Sympterichthys unipennis, Fig. 8. B), endémique de Tasmanie. Sa disparition est
attribuée a une intense pécherie de coquilles Saint-Jacques, dont la drague a détruit son unique habitat.
13 autres espéces de cette famille existent encore, mais parmi celles-ci 7 sont déja menacées
d’extinction. Si les poissons osseux marins sont relativement épargnés en termes d’extinction a I’échelle
globale, ce n’est pas le cas des requins (« poissons » cartilagineux), pour lesquels 25% des especes sont
inscrites sur la liste rouge de I'lUCN. De nombreuses espéces ont perdu jusqu’a 99% de leur effectif en
un siécle (Dulvy et al. 2014, Roff et al. 2018). Les prises accessoires ou la péche ciblée pour la chaire
et/ou surtout les ailerons sont les principales causes du déclin des requins, avec une mortalité estimée

a plus de 100 millions d’individus tous les ans (Worm et al. 2013).

La quasi-absence d’extinction ainsi que le faible pourcentage de poissons osseux marins
menacés pourraient faire croire que I'océan serait relativement épargné par les impacts anthropiques
touchant la biodiversité. Mais ce serait ignorer que les écosystemes terrestres sont fortement altérés
depuis des centaines de milliers d’années, alors que I'altération des océans a large échelle a commencé
plus tardivement, et se solde déja par une diminution de biodiversité a tous les niveaux (Dulvy et al.
2003). Cette différence entre écosystémes pourrait étre la conséquence du décalage temporel du début
de 'activité humaine a large échelle (péche, tourisme,..) plutdt que d’une extréme résilience intrinseque
des écosystemes marins (McCauley et al. 2015). Si aucune action urgente de conservation n’est mise en
place pour diminuer et réguler les activités d’extraction des ressources, le déclin des espéces marines
pourrait rattraper les taux d’extinction terrestres dans un futur proche (Fig. 9). De plus, certains taxa
marins tels que les mammiféres ou les requins sont déja extrémement menacés et ont subi plusieurs

extinctions au cours des derniers siecles (Stein et al. 2018).
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Fig. 9. lllustration du nombre d’extinctions dans chaque écosysteme par rapport a la chronologie a partir
de notre époque contemporaine. Les extinctions dans le milieu marin concernent majoritairement des
mammiferes marins. Figure adaptée de McCauley et al (2015).

Le nombre d’espéces menacées n’est pas I'unique métrique permettant de mesurer les impacts
anthropiques. On estime ainsi que plus de 55% de la surface de I'océan est régulierement péchée de
facon industrielle (Kroodsma et al. 2018), correspondant a une surface quatre fois plus importante que
la totalité des terres cultivées, que ~33% des stocks de poissons marins sont surexploités et 60%
exploités a pleine capacité (FAO 2018). Une espece peut également échapper a I'extinction, mais
présenter une abondance insuffisante localement pour remplir sa fonction dans I'écosysteme, on parle
alors d’extinction fonctionnelle (Saterberg et al. 2013). C’est le cas par exemple du poisson perroquet a
bosse (Bolmometopon muricatum), autrefois abondante sur les récifs coralliens de I'Indo-Pacifique mais
qui a désormais le statut IUCN « Vulnérable ». Cette espece est le plus grand poisson perroquet au
monde (1.5m, 75 kg), et par son activité de bio-érosion dans les récifs (5-6T corail consommé / an),
influence la structure et le fonctionnement des récifs coralliens ainsi que le transport de sédiments
(Bellwood et al. 2003, Donaldson and Dulvy 2004). Seuls quelques récifs éloignés des zones fréquentées
par les humains abritent aujourd’hui des populations abondantes de Bolbometon (D’Agata et al. 2014).
Aucune autre espéce ne présente la méme combinaison de traits, ce qui signifie que sa fonction est
perdue dés lors que I'espéce est éteinte ou fonctionnellement éteinte. De nombreuses espéces de

requins sont également concernées par les extinctions fonctionnelles locales, avec des déclins
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d’abondance mesurés jusqu’a 92% pour la famille des requins-marteaux sur la cote est australienne en
54 ans (Roff et al. 2018). Le plus large jeu de données regroupant les abondances de requins cotiers sur
3 années dans 58 pays a montré que 19% des 371 sites observés ne présentaient aucun requin (MacNeil

et al. 2020), suggérant leur extinction fonctionnelle sur de nombreuses localités.

Les organismes aquatiques subissent également les conséquences des changements
climatiques déja enclenchés. Les espéces marines sont plus susceptibles de vivre a la limite de leur
tolérance thermique, ce qui les rend plus vulnérables faces au réchauffement que les especes terrestres
(Sunday et al. 2012, Pinsky et al. 2019). Les changements de biodiversité sont ainsi plus importants dans
le milieu marin que dans les milieux d’eau douce ou terrestres (Blowes et al. 2019). Ces observations
sont corroborées par I'étude de la vitesse de déplacement des organismes pour suivre les isothermes
car les organismes marins se déplacent en moyenne six fois plus rapidement que les organismes

terrestres (Lenoir et al. 2020)(Fig. 10).
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Fig. 10. Vitesses moyennes des déplacements latitudinaux d’espéces par classe taxonomique et par
combinaison d’écosystéeme (T : terrestre, M : marin), de position géographique au sein de l'aire de
répartition de chaque espeéce, i.e. a la limite de 'aire ou bien au centre de celle-ci (LE : « leading edge »,
C : « centroid », TE : « trailing edge ») et d’hémisphére (N : nord, S : sud). Figure adaptée de Lenoir et al.
(2020).
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L’absence de barriéres physiques a la dispersion dans les milieux marins est soulevée comme
une possible explication de cette différence, car le milieu terrestre est globalement fragmenté du fait
de I'occupation des sols par les humains (Haddad et al. 2015). Au sein des environnements marins, les
changements les plus importants se situent dans les milieux polaires et tropicaux (Garcia Molinos et al.
2016, Antdo et al. 2020). L'Arctique (polaire) se réchauffe deux fois plus vite que la moyenne terrestre
(Hoegh-Guldberg and Bruno 2010), et cet environnement subit déja I'arrivée de nombreuses espéces
de plus basses latitudes, entrainant une « boréalisation » de I'Arctique (Fossheim et al. 2015). Le
réchauffement des eaux polaires réduit I'aire de répartition des espéces quiy sont inféodées, et pourrait
a terme menacer leur existence si le réchauffement dépasse leurs limites physiologiques (Dahlke et al.
2018). Les communautés de poissons marins tropicaux ont enregistré des changements de
communautés en moyenne deux fois plus importants que leurs équivalents des biomes terrestres
(Blowes et al. 2019). On observe déja une « tropicalisation » de certaines zones, en Australie, au Japon
ou en Méditerranée par exemple avec la présence de communautés de poissons tropicaux (Booth et al.
2011, Vergés et al. 2014). Alors que certains organismes typiquement assimilés aux eaux tropicales
migrent vers des habitats plus tempérés, une baisse des captures de poissons dans toute la zone
tropicale est anticipée avec le réchauffement des eaux, a hauteur de 40% dans certaines zones de
I’Océan Pacifique (Cheung et al. 2010). La dépendance aux ressources marine étant plus élevée dans les
tropiques qu’ailleurs dans le monde (Allison et al. 2009), ces projections sont alarmantes pour la sécurité

alimentaire de nombreuses populations (Pinsky et al. 2018, Hicks et al. 2019).

2. Recensements des communautés ichtyologiques

2.1. Méthodes classiques et limitations

La compréhension des écosystemes, la détection du déclin d’especes et le suivi de leurs
dynamiques temporelles nécessitent un recensement fiable et rapide, particulierement dans cette
période d’accélération des changements globaux. Les méthodes classiques de recensement des
communautés ichtyologiques sont principalement basées sur une identification visuelle des organismes,
ce qui nécessite une expertise taxonomique importante, et repose sur de longues heures de terrain
pour collecter suffisamment de données. Ces méthodes sont diverses car spécifiques aux contraintes
de chaque environnement et des organismes qui y vivent tant les combinaisons de traits d’histoire de

vie chez les poissons sont nombreuses.
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Fig. 11. lllustrations non exhaustives de méthodes d’échantillonnage des communautés ichtyologiques
dans le milieu d’eau douce avec (A) la péche électrique, (B) la péche au filet et dans le milieu marin avec
(C) la péche au chalut, (D) les transects en plongée, (E) les vidéos sous-marines et (F) un véhicule sous-
marin téléguidé (ROV). Crédits : DUBOST environnement (A, B), Ifremer (C, F), NOAA Bernardo Vargas-
Angel (D) et O. Borde (E).

En eau douce, la plupart des méthodes de recensement sont basées sur la capture des
organismes pour leur identification. La péche électrique est une méthode commune pour inventorier
les communautés (Fig. 11). Un courant électrique est diffusé dans le cours ou plan d’eau afin de
paralyser temporairement les organismes qui seront ainsi facilement capturables a la surface (Bain et
al. 1985). Cette méthode est invasive car elle stresse et peut blesser les organismes, ce qui peut étre
inadapté pour des especes menacées. De plus, la péche électrique rate couramment les especes les plus
rares ou cachées dans des structures proches du benthos, car son champ d’action est tres local (Reid
and Haxton 2017). Il est alors nécessaire d’effectuer énormément d’inventaires afin d’avoir un

échantillonnage représentatif des communautés présentes. Il n’est pas possible d’utiliser cette
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méthode dans des cours d’eau trop profonds, ou lorsque la conductivité de I'eau est trop basse comme
dans les cours d’eau de Guyane (Allard et al. 2014). Une alternative est alors I'utilisation de filets, qui
ont I'avantage de récupérer plus d’individus, mais d’étre encore plus invasifs et destructifs (Araujo et al.
2009). D’autres méthodes utilisent du poison comme la roténone, extrémement efficace pour
récupérer la totalité d’'une communauté mais trés destructeur (Allard et al. 2016). Il est parfois possible
d’utiliser des vidéos sous-marines non invasives pour échantillonner les communautés d’eau douce,
mais cette méthode est rarement applicable car la visibilité des eaux permet rarement d’avoir des

images de bonne qualité (Nunes et al. 2020).

En mer, les méthodes d’inventaires dépendent du milieu échantillonné, notamment entre les
écosystemes cotiers peu profonds, les écosystemes du large ou des profondeurs (Fig. 11). Sur la zone
cotiere, les inventaires se font généralement en plongée ou une ligne de transect est déployée, et
plusieurs plongeurs recensent et dénombrent les especes rencontrées (Bosch et al. 2017). Les
contraintes physiologiques humaines limitent le temps d’observation, la profondeur et donc I'étendue
possible des inventaires, qui sont rares au-dela de 30m de profondeur (Pinheiro et al. 2016, Bongaerts
et al. 2019). De fait, les écosystemes mésophotiques (30-150m) sont parmi les moins bien
échantillonnés et connus de I'océan (Rocha et al. 2018). L'exploration de ces zones plus profondes peut
se faire en utilisant les avancées de la plongée dite « technique » en utilisant des mélanges gazeux et
recycleur, des véhicules sous-marins téléguidés (« ROVs ») ou drones sous-marins, mais le niveau
d’expertise, de complexité a déployer ainsi que le colt des méthodes ont historiqguement limité leur
utilisation. Une autre méthode couramment utilisée repose sur le déploiement de caméras, sans ou
avec appats a base de poissons gras pour attirer les prédateurs qui sont plus rares et difficiles a détecter
(Schramm et al. 2020). Toutefois, les caméras restent généralement fixes sur la zone cotiere, ne filment
généralement pas au-dela de deux heures, et nécessitent du temps a posteriori pour identifier les
organismes sur vidéos (Langlois et al. 2020). Les méthodes visuelles non-invasives sont également
impactées par la visibilité qui diminue la qualité des recensements. Dans les zones estuariennes par
exemple, il est impossible de mettre en place ce genre d’inventaire car les eaux sont rarement claires
(Nunes et al. 2020). Dans le milieu pélagique, il est commun de pécher au filet les organismes pour
recenser les communautés (Trenkel et al. 2019). Ces méthodes destructrices ne sont pas adaptées aux
espéces menacées. Une alternative est 'utilisation de caméras appatées, cette fois dérivantes avec le
courant, afin d’attirer la faune environnante devant les caméras (Letessier et al. 2019). Enfin les milieux
profonds des océans (> 200m, au-dela de la zone crépusculaire) sont sous-échantillonnés due a leur
grande difficulté d’acces, et aux colts associés a leur exploration. Il est généralement possible
d’inventorier ces communautés a 'aide de véhicules sous-marins téléguidés (« ROVs ») et pilotés depuis

un navire océanographique, ou bien de sous-marins (Stefanoudis et al. 2019).
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Ainsi, les problemes associés a la plupart de ces méthodes sont notamment i) la nécessité
d’avoir une bonne expertise taxonomique sur la région échantillonnée, ii) la durée souvent longue et/ou
couteuse pour obtenir une bonne couverture spatiale et/ou temporelle des communautés iii) I'aspect
invasif ou destructeur, nécessitant de stresser ou tuer des individus, iv) I'existence d’espéeces cryptiques
qui sont impossibles a différencier morphologiquement, v) la présence de biais de détectabilité en
fonction de la méfiance des organismes face a I’lhumain. De fait, ces difficultés ont limité le nombre de
recensements effectués globalement, avec un fort biais géographique car de nombreuses régions
notamment tropicales et éloignées des centres de populations et des centres de recherche sont trées
peu, voire pas du tout étudiées (Boakes et al. 2010, Amano and Sutherland 2013, Reboredo Segovia et
al. 2020). Il est cependant critique de mettre en place des inventaires efficaces, non destructifs, rapides
et fiables avec un bon niveau de standardisation pour mieux comprendre les dynamiques des

écosystemes aquatiques et mettre en place des politiques de gestion adaptées a ces milieux.

2.2. Metabarcoding de I’ADN environnemental

L’étude de I'ADN environnemental, c’est a dire des molécules d’ADN extraites depuis
I’'environnement (Lacoursiere-Roussel and Deiner 2019), est une technique d’inventaire moléculaire
récente, appliquée pour la premiére fois en 2008 par Ficetola et al. (2008) sur les vertébrés a partir
d’échantillons d’eau. Dans tous les milieux, et dans I’eau plus particulierement, les organismes déposent
continuellement des traces d’ADN sous formes de cellules par desquamation, par le mucus, les feces,
etc. Il est par la suite possible de récupérer cet ADN par filtration du milieu (eau, sol, sédiments), de
I'extraire, puis de I'amplifier avec des amorces, puis de séquencer cet ADN au laboratoire (Fig. 12). Le
choix des amorces sera conditionné par plusieurs facteurs, en particulier selon le choix de cibler une
seule espece, on parlera donc d’ADNe « barcoding » ou bien de cibler plusieurs espéces, on parlera alors
d’ADNe « metabarcoding », qui est I'approche utilisée dans cette thése. Les amorces de metabarcoding
doivent étre assez universelles pour étre capable d’amplifier une large proportion des espéces d’un
méme groupe taxonomique cible, mais assez sélectives pour limiter I'amplification de groupes
taxonomiques non cibles (Miya et al. 2015). Ces amorces sont situées sur des génes mitochondriaux,
car les mitochondries sont plus nombreuses que les noyaux au sein des cellules et sont ainsi plus
susceptibles d’étre récupérées en tant que fragment dans le milieu (Turner et al. 2014). Il est ensuite
nécessaire de traiter les sorties de séquencage avec des pipelines bio-informatiques. Ces pipelines
analysent les sorties brutes de séquencage, filtrent les données pour supprimer les séquences de
mauvaise qualité, assignent chaque groupe de séquences a son échantillon (« demultiplexage »), puis
assignent chaque séquence a une espece ou taxon a l'aide d’une base de référence génétique. Si une

séquence correspond a une espece qui n'est pas présente dans la base de référence, il n’est toutefois
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pas possible de Iui assigner un nom d’espece. On obtient par la suite une matrice de présence
espece/station, voire d’abondance en considérant le nombre de lectures de séquences (« reads ») mais

son interprétation est encore sujette a débat (Doi et al. 2017).

=
™

A
% Exogenous
(free) DNA
! Endogenous

Water
column

Environmental

samples  Multiple specimens
(Bulk samples)

DNA
extraction
Barcode PCR Barcode

sequencing

Sampling

Bioinformatics
+ ref. database

= — 2 — — aflge< Species 1
Barcode 1
M TGTACTTGGCAATCG —/*« Species 2
, Barcode 2 .
As'rccmaczim'ﬁ:c «ffee< Species 1
M Tcrncgwamcccgggcg —/*« Species 3
Barcode 4 __—""
AGTACATGGCAATCA

Fig. 12. Schéma de la procédure d’étude de I'’ADNe par metabarcoding. Figure modifiée depuis Keck et
al. (2017).

Parmi les premieres applications de '’ADNe metabarcoding ciblant les poissons osseux dans le
milieu naturel, Valentini et al. (2016) ont montré la faisabilité en milieu d’eau douce tempéré ainsi que
la plus grande détectabilité de ’ADNe par rapport aux méthodes traditionnelles. Depuis, la méthode a
été appliquée sur divers milieux, et a été comparée aux performances des méthodes classiques. De
nombreuses études ont montré que "ADNe avait des performances semblables ou supérieures aux
méthodes traditionnelles telles que la péche électrique ou au filet en milieu d’eau douce (Hinlo et al.
2017, Pont et al. 2018, McColl-Gausden et al. 2020) (Fig. 13). Dans un milieu tropical de riviere et a forte
diversité en Amérique du Sud, Cilleros et al. (2019) ont montré que I’ADNe avait des performances
proches par rapport au prélevement par filet. Dans les rivieres, I'information récupérée en ADNe
recouvre en réalité le lieu d’échantillonnage, mais également les zones en amont de quelques
kilométres due au transport des molécules d’ADNe par le courant descendant (Deiner et al. 2016).

L'utilisation de ’ADNe a aussi permis de révéler la présence d’espéces en danger critique d’extinction,
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par exemple sur le fleuve du Rhéne en France, ou elles n’avaient jamais été détectées en 10 ans de
péche électrique (Pont et al. 2018). A travers une approche espéce-spécifique, Bellemain et al. (2016)
ont permis la détection du poisson-chat géant du Mékong, malgré son statut IUCN en danger critique

d’extinction et sa faible densité dans le milieu.
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Fig. 13. Comparaison de la performance de 10 ans de campagnes de péche électrique dans le Rhone
(France) par rapport a une campagne d’ADNe metabarcoding. Les cercles bleus (+/- 95% intervalle de
confiance) représentent le nombre annuel d’espéces échantillonnées avec la péche, les triangles bleus
le nombre total d’especes échantillonnées en 10 ans (2006-2016) et les carrés rouges le nombre
d’espéces détectées avec I'’ADNe. Figure adaptée de Pont et al. (2018).

La premiere étude d’ADNe metabarcoding dans le milieu marin a permis de détecter 15 especes
de poissons a partir de quelques litres d’eau au Danemark (Thomsen et al. 2012). Plus tard, la méme
équipe a montré que I’ADNe avait les mémes performances que des chalutages sur une zone profonde
(~1 000m) au Groenland pour détecter les poissons présents (Thomsen et al. 2016). Récemment, il a
été montré que malgré la possible dispersion grace aux courants marins, ’ADNe permet de détecter
une faune localisée par habitat a I'échelle d’un atoll tropical (West et al. 2020), ainsi que la détection
d’un grand nombre d’especes y compris de nouvelles détections locales étendant la liste d’espéeces
présentes localement. La méthode est également particulierement adaptée a la détection des requins,
qui a permis de mettre en évidence un fort gradient de présence des especes en fonction des pressions
anthropiques (Bakker et al. 2017) ainsi qu’une plus grande diversité d’espéces détectées avec 22

échantillons d’ADNe qu’avec 385 déploiements de caméras appatées et 2758 plongées combinées
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(Boussarie et al. 2018). En alternative a la filtration d’eau directement dans le milieu, il est également
possible d’utiliser des tissus d’organismes filtreurs comme les éponges pour récupérer le signal ADNe
de la faune de la zone a travers les larges quantités d’eau que ces organismes ont filtré (Mariani et al.

2019).

3. Enjeux

Les récents exemples d’application de 'ADNe suggérent que la méthode est extrémement
prometteuse pour les milieux aquatiques, cependant certains verrous méthodologiques subsistent et
limitent I'application plus généralisée de la méthode en complément ou remplacement des méthodes

de recensement traditionnelles de la biodiversité.

L’exploitation du metabarcoding de I'’ADNe pour les vertébrés nécessite d’identifier des espéces
a partir des séquences ADN. En I'absence des références taxonomiques dans les bases de données
génétiques, les séquences retrouvées sur les filtres ADNe ne sont pas identifiables et limitent
considérablement le potentiel de la méthode. Or, les bases de données génétiques ne sont pas
compléetes pour la quasi-totalité de I'ichtyofaune, marine comme d’eau douce. Une étude multi-taxa a
I’échelle de I'Europe a montré une forte hétérogénéité taxonomique et spatiale de la couverture des
bases de références (Weigand et al. 2019), mais aucun bilan n’a été réalisé a plus large échelle. La
complétude des bases de références pour identifier les especes d’intérét telles que les non-invasives ou
menacées, pourtant souvent mises en avant dans le cadre des études ADNe (Rees et al. 2014, Larson et
al. 2020), reste inconnue. On peut donc se demander quelle est la couverture taxonomique globale des
bases de références pour les poissons osseux ? Quelle est I'hétérogénéité spatiale de cette couverture ?
Quels marqueurs moléculaires offrent le plus de couverture ? Les bases de données sont-elles
suffisamment complétes pour exploiter le potentiel de I'ADNe aux especes non-indigenes et

menacées ?

La couverture taxonomique incompléete des bases de références génétiques limite le potentiel du
metabarcoding ADNe. Parvenir a séquencer la totalité des espéeces sur la région de leur barcode ADNe
est un objectif a long terme, mais n’est pas réaliste a court terme. Or, il est nécessaire d’exploiter des
aujourd’hui la totalité des informations contenues dans les filtres ADNe, méme en 'absence de base de
référence exhaustive. Les études en microbiologie, pionnieres du séquencage haut-débit et du
metabarcoding (de Vargas et al. 2015, Cordier et al. 2019), utilisent couramment des unités

taxonomiques moléculaires (MOTUs) en tant que substituts (« proxys ») de la diversité réelle qui est
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impossible a estimer autrement, compte tenu de leur grande diversité et de la pauvreté des bases de
références génétiques mais également taxonomiques, car de nombreuses espéces procaryotes ou
micro-eucaryotes ne sont pas décrites (de Vargas et al. 2015). Appliquer une telle approche aux
vertébrés permettrait de bénéficier des avantages de la méthode ADNe sans dépendre d’une
complétude totale des bases génétiques pour mieux comprendre les écosystéemes et potentiellement
guider la mise en place de mesures de gestion de la biodiversité. Mais dans quelle mesure une approche
par MOTUs peut-elle refléter la diversité spécifique des vertébrés réellement présente dans un
écosysteme ? Dans quels cas serait-il possible d’appliquer cette méthodologie par substitut

moléculaire ?

Avant de généraliser I'utilisation des méthodes ADNe et de potentiellement les intégrer aux
protocoles d’évaluation et de surveillance de la biodiversité, il est nécessaire d’effectuer des études
comparatives avec les méthodes traditionnelles d’échantillonnage. Ces comparaisons sont notamment
essentielles pour les milieux tropicaux qui présentent la plus forte biodiversité a I'échelle de la planeéte,
avec de nombreuses especes sous-étudiées ou inconnues, et qui concentrent une large proportion des
enjeux de développements des sociétés humaines et de conservation de la biodiversité (Barlow et al.
2018). Nombre de ces écosystemes sont éloignés des centres urbains et nécessitent un fort
investissement sur le terrain pour y recenser la biodiversité. Il est donc important d’y généraliser
I'approche ADNe avec des protocoles standardisés. Compte tenu de ces forts enjeux, quel est donc le
potentiel de I’ADNe dans le recensement de la biodiversité des milieux tropicaux marins par rapport aux
méthodes traditionnelles (plongées, vidéos) ? Au-dela de la richesse taxonomique, I'investigation des
autres facettes de la diversité (fonctionnelle et phylogénétique) est fondamentale dans la
caractérisation des écosystemes. Dans les milieux tempérés d’eau douce, les études comparatives sont
maintenant nombreuses et ont systématiquement révélé une performance égale mais complémentaire
ou supérieure de I"’ADNe par rapport aux techniques traditionnelles sur la facette taxonomique de la
diversité (McElroy et al. 2020). Au-dela de diversité taxonomique, quelle est la capacité des
recensements ADNe pour estimer la diversité fonctionnelle et phylogénétique des communautés ? Dans

quelle mesure le metabarcoding de I’ADNe est-il complémentaire par rapport aux autres approches ?

Les pressions croissantes sur les environnements nécessitent d’étre capable de suivre
I’évolution de la biodiversité a large échelle spatiale et haute fréquence temporelle. Alors que les
méthodes traditionnelles se heurtent a des difficultés en termes de logistique et de formation de
personnel qualifié a I'identification morphologique des especes, I'’ADNe a le potentiel d’étre a la hauteur
de cet enjeu. La meilleure détectabilité des especes par I'ADNe, notamment pour des groupes

fonctionnellement importants mais traditionnellement ignorés comme les poissons crypto-benthiques
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(Brandl et al. 2019), pourrait permettre d’affiner notre évaluation des assemblages de communautés
hyper-diverses et sous-échantillonnées comme les récifs coralliens, avec des inventaires plus proches
de I'exhaustivité. Pour cela, les études ADNe doivent encore démontrer leur efficacité pour étudier les
assemblages d’especes a I'échelle biogéographique. Alors que ces études ADNe sont limitées jusqu’ici a
I’échelle régionale, est-il possible de dériver des reégles d’assemblage biogéographiques a partir de
séquences ADNe a large échelle sur des milieux riches en taxa ? Quelle est la capacité de détection de
I’ADNe par rapport aux méthodes traditionnelles ? Que pourrait nous apprendre I’ADNe sur les régles
d’assemblage des communautés grace a une meilleure performance sur des groupes généralement

négligés par les inventaires classiques ?

4. Objectifs

Cette these se concentre sur le verrou méthodologique posé par le manque de références
génétiques, ainsi qu’a une meilleure compréhension de I'applicabilité de la méthode ADNe en milieu
marin tropical pour lequel les études restent relativement rares. Ce travail est ainsi décliné en six
chapitres, dont quatre ont fait I'objet de publications avec un total de 5 manuscrits en premiere ou co-

premiére auteure. Parmi ces manuscrits, trois sont acceptés pour publication et deux sont soumis.

Dans un premier temps (chapitre 1), je présente la méthodologie de terrain et le cadre bio-
informatique mis en place durant la these. Puis, le chapitre 2 propose une évaluation globale, spatiale
et multi-marqueurs de la couverture taxonomique des bases de références génétiques pour les poissons
d’eau douce et marins. Le chapitre 3 développe ensuite une alternative a I'assignement des séquences
ADNe a des especes en utilisant a la place des unités taxonomiques moléculaire (MOTUs), afin de
s’affranchir de la nécessité d’avoir une base de référence complete pour quantifier la biodiversité
détectée en ADNe metabarcoding. Dans le chapitre 4, deux articles utilisent 'approche développée au
chapitre 3 pour explorer les performances de I'’ADNe en milieu marin tropical par rapport a des
méthodes classiques comme les vidéos sous-marines et les transects en plongée, dans une dimension
multifacette en comparant diversité taxonomique, mais également fonctionnelle et phylogénétique des
poissons. Le chapitre 5, présente la premiére étude a large échelle (3 océans) sur un écosystéme donné
(les récifs coralliens) de la biogéographie des fragments d’ADNe des poissons. Cette étude nous montre
la capacité de '’ADNe a retrouver les grands patrons biogéographiques connus mais surtout a révéler
de nouvelles regles d’assemblages des communautés de poissons récifaux. Enfin, le chapitre 6 dresse

un bilan ainsi que les perspectives de ce travail.
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Chapitre 1 — Echantillonnage et développements

méthodologiques

© 0. Borde

© R. Hocdé
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1. Explorations de Monaco

Cette thése s’inscrit dans le contexte des Explorations de Monaco initiées en 2017 dont une des
ambitions soutenues par le programme est 'étude a I'échelle globale de la biodiversité des récifs
coralliens en développant des outils de metabarcoding de [I'ADN environnemental

(https://www.monacoexplorations.org/). Ciblant plus spécifiguement les poissons osseux et

cartilagineux (requins), ce projet est un partenariat entre I'entreprise a mission SPYGEN, spécialisée
dans l'application des méthodes ADNe, l'université de Montpellier (MARBEC, CEFE), I'école

polytechnique fédérale de Zurich (ETH), fédérés autour de I'application de I’ADNe a large échelle.

Les ambitions du projet sont de prélever des échantillons d’ADNe sur un large gradient spatial
mais aussi d’anthropisation a travers le globe, incluant des sites éloignés des populations humaines, peu
soumis aux pressions anthropiques et qui sont peu accessibles, mais également des sites proches des
populations avec des impacts locaux tels que la péche, la pollution ou la destruction des habitats. Un tel
gradient permet d’avoir une idée de « I'état de référence » des écosystemes marins avant leur forte
dégradation par les activités humaines, et d’estimer quelles mesures de conservation peuvent étre
mises en place pour concilier développement des sociétés humaines avec la préservation des
écosystemes. Ce large échantillonnage standardisé a pour ambition d’avoir une couverture globale et
ainsi cartographier la biodiversité en vertébrés, pour notamment assister la conservation des habitats
marins. En parallele des échantillons d’ADNe, des échantillons de tissus provenant d’un maximum
d’espéces doivent étre prélevés afin de constituer une banque génétique de la biodiversité des poissons
marins, et ainsi permettre d’identifier les especes dont les fragments d’ADN ont été récupérés sur les

filtres.

2. Carte d’échantillonnage

Ce travail de thése a nécessité de nombreuses missions de terrain, et les données récoltées par
les différents membres du projet ont contribué a alimenter la base de données a large échelle en ADNe
du projet. Toutes les données n’ont pas été utilisées dans le cadre de ces travaux de thése, je présente
donc ici uniquement celles qui ont fait I'objet d’une publication en lien avec ces travaux, et je détaille

dans la partie suivante les missions auxquelles j'ai personnellement pris part.
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La carte d’échantillonnage ADNe regroupe les données récoltées depuis Octobre 2017, jusqu’a

Décembre 2019. Les échantillons sont classés selon :

(i) Leur identifiant de filtre unique
(ii) Leur station, c’est a dire les coordonnées d’un méme transect
(iii) Leur site, la zone géographique associée regroupant plusieurs stations, par exemple une

ile, ou un ensemble d’écosystéemes similaires proches spatialement et écologiquement
(iv) Leur région, un ensemble biogéographique cohérent et regroupant potentiellement

plusieurs sites

Elle comprend au total 435 échantillons (filtres), sur 303 stations, 33 sites et 6 régions (Fig. 1).

Central Pacific

Fig. 1. Carte globale des échantillons ADNe récoltés a ce jour. Les points sont colorés selon leur
appartenance a une région, et le nom de la région est indiqué autour des points.

3. Missions effectuées
Dans cette partie, je détaille les missions de terrain auxquelles j'ai participé, leur durée, le

nombre de filtres ADNe collectés ainsi que le nombre de poissons péchés pour la base de référence

génétique ou projets annexes issus de collaborations.
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Fig. 2. Photos de terrain avec le navire Yersin au large de I'lle de Malpelo (A), le navire Marion Dufresnes
au large de I'lle d’Europa (B), une image sous-marine sur 'atoll de Fakarava (C) et une image sous-marine
sur Ille d’Europa (D). Crédits : (A) R. Hocdé, (B) J-B. Juhel, (C,D) V. Marques.

Au total, jai pris part a 6 missions de terrain (83 jours en mission dont 33 jours en
embarquement, sur un période de 19 mois), dont 5 ayant permis la récolte d’échantillons ADNe,
mélangeant des missions embarquées en mer avec des missions basées a terre et embarquements a la
journée (Fig. 2). Les manipulations sur le terrain annexes a ’ADNe issues de projets partenaires sont

mentionnées, qu’elles soient directement intégrées a ce travail ou non (Table. 1) (Fig. 3).
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Table. 1. Tableau synthétique présentant les missions de terrain auxquelles j'ai personnellement pris

part au cours de ce travail de thése, le nom des campagnes, les dates, le nombre de jour, de filtres ADNe

récoltés, le nombre de poissons et d’especes différentes récupérées pour la base de référence et les

projets annexes a I’ADNe.

Date Date #poissons
Campagnes #jours | #filtres Projets annexes Commentaires
début fin (#espéces)
Déploiement caméras
. s . 7 jours en mer sur le Yersin.
Boa Vista 23-09- 03-10- 13 0 i appatées pélagiques (9 Aucun filire ADNe (probléme
(Cap Vert) 2017 2017 sites, 47 caméras, 94 acheminement du matériel)
Pas d’autorisation de péche
heures)
Guadeloupe | 25-02- | 04-03- 7 o i _ Mission 4 terre.
(France) 2018 2018 Pas d’autorisation de péche
11 jours en mer sur le Yersin.
Ile de Déploiement caméras 3 déploiements de caméras
Malpelo- | 21-03- | 02-04- longue durée non longue durée (25h)
13 30 36 (22) Participation au second leg de
LEG2 2018 2018 appatées (1 site, 25 cette mission uniquement.
(Colombic) heures) Pas‘d autor}satlc?n’de péche
Poissons récupérés sur les
marchés
Atoll de
Mission a terre
Fakarava 16-06- | 30-06- 14 13 - : Défaillance matérielle de la
(Polynésie 2018 2018 pompe
. Pas d’autorisation de péche
Francaise)
Déploiement caméras o
Santa Marta | 13-10- 28-10- 15 3 181 40) | dure Mission a terre.
ongue durée non 5ploi 4
(Colombie) 2018 2018 4 delp101ements, de caméras
appatées ongue durée (48h)
Iles Eparses- 15 jours en mer sur le navire
LEGI1 02-04- 21-04- Mgrl'on Dufresnes.
20 74 319 (53) _ Restriction sur le nombre
(France - 2019 2019 d’espéces sur le permis de
TAAF) péche.

Premier leg uniquement.
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Fig. 3. Planche présentant la carte d’échantillonnage des missions auxquelles j'ai participé a I'échelle de
la région (A) ou des sites (B-E).
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4. Méthodes d’échantillonnage

Cette section présente les méthodes d’échantillonnage utilisées dans le cadre de cette these,
et est divisée en deux parties. Dans un premier temps, je présente les méthodes de terrain concernant
I’ADNe metabarcoding, la définition du protocole d’échantillonnage, les difficultés rencontrées ainsi que
les évolutions méthodologiques mises en place. Dans un second temps, je présente les méthodes ayant

permis d’amorcer la collecte de tissus d’especes afin de remplir les bases de référence génétiques.

Protocole de terrain ADNe metabarcoding

Au début du projet en 2017, la littérature en ADNe appliquée aux vertébrés en milieu marin
était encore tres limitée (Tsuji et al. 2019), et peu d’informations étaient disponibles sur les méthodes
d’échantillonnage dans I'océan. En revanche, 'ADNe était déja mieux développé sur les milieux d’eau
douce, nous sommes donc partis de cette base afin d’en adapter la méthodologie. L'ADN n’est pas
distribué de fagcon homogene dans I'eau (Harrison et al. 2019, Laporte et al. 2020), et les spécificités du
milieu conditionnent I’échantillonnage. Par exemple, dans une mare ou la circulation de 'eau est tres
limitée, il est nécessaire de récolter de multiples échantillons d’eau sur une large surface pour
correctement caractériser la communauté vivant dans le milieu (Furlan and Gleeson 2017, Harper et al.
2019). Pour cela, il est possible de faire des réplicas terrain a travers plusieurs prélévements de petite
quantité d’eau (~1L), ou bien de grouper tous les prélevements sur un seul filtre, quand celui-ci est
adapté pour limiter le colmatage grace a une importante surface (Fig. 4). A 'inverse, en riviere 'eau
circule permettant un brassage et un transport des molécule d’ADN, il nest donc pas nécessaire de
prélever des échantillons ou réplicas sur une large étendue spatiale. Cependant le signal ADN est

toujours fragmentaire, nécessitant une filtration en continu ou de multiples sous-échantillons sur une

zone proche.

| ‘ __Merged sample ___ Independent samples
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Fig. 4. lllustration de deux stratégies possibles d’échantillonnage dans une mare. Figure modifiée depuis
Harper et al. (2019).

En milieu marin, on s’attend a ce que I'important volume lié aux dimensions en 3D de I'habitat
ainsi que les courants diluent I’ADN de fagon plus importante qu’en milieu d’eau douce, tout en ayant
un risque réduit de colmatage due a I'oligotrophie des eaux. Il est donc nécessaire d’échantillonner une
large surface, d’avoir des réplicas de terrain et de filtrer une quantité importante d’eau pour maximiser
la force du signal ADN (Bessey et al. 2020). Pour cela, on a utilisé un filtre encapsulé a large surface
similaire a certaines approches en riviere (Pont et al. 2018), mais avec une taille de pore réduite (0.20
um au lieu de 0.45 um). Afin d’étre en mesure de filtrer directement dans le milieu tout en limitant la
contamination, il est nécessaire que I’eau ne soit pas en contact avec les éléments internes de la pompe
qui sont non nettoyables, ce qui justifie I'utilisation d’une pompe péristaltique. Ce type de pompe
fonctionne grace a une téte rotative, qui en appuyant sur le tuyau fait appel d’air et permet de faire
circuler I'eau (Fig. 5. A). Il est ainsi aisé de changer de tuyau entre chaque prélevement, de facon a ne
pas contaminer les échantillons et de conserver la méme pompe. Apres filtration, cette capsule est
remplie d’une solution tampon de conservation (CL1 SPYGEN, tampon de lyse : Tris-HCI 0.1 M, EDTA 0.1
M, NaCl 0.01 M and N-lauroyl sarcosine 1%, pH 7.5—-8) permettant de conserver ces filtres a température

ambiante pendant plusieurs mois (Fig. 5. B).

Fig. 5. Photos de terrain sur une annexe en mer, sur laquelle est montée une pompe péristaltique
prélevant de I'eau en continu pendant le transect (A), une pompe est présente de chaque coté du
bateau du fagon a avoir deux réplicas de terrain et (B) Dr Andréa Polanco remplissant le filtre de solution
tampon. Crédits : R. Hocdé (A, B).
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Le protocole d’échantillonnage en surface nécessite I'acces a un bateau de type annexe, avec
une pompe péristaltique (Athena®, Proactive Environmental Products LLC, Bradenton, Florida, USA),
montée de chaque coté du bateau pour les réplicas de terrain. Les prélevements se font le long d’un
transect, afin de prendre en compte la distribution inégale des molécules d’ADN dans I'eau, pour un
prélévement total de 30L par filtre. Avec une pompe péristaltique réglée pour un débit de 1L.min™, il
est nécessaire de filtrer pendant 30 min. La vitesse minimale des bateaux étant rarement inférieure a 5
noeuds (~10km/h), la distance a parcourir avoisine les 5km et sera influencée par le vent, le courant et
la houle. Pour limiter la longueur d’un méme site, il a été décidé dans un premier temps de faire des
transects en rectangle (2 km * 500 m) pour intégrer a la fois les compartiments cotier et pélagique (Fig.
6. A). Cependant, les résultats étaient décevants due a la dilution du signal ADNe au large. La stratégie
a rapidement évolué vers des transects linéaires, longeant |'habitat, de 2km de long avec
aller/retour (Fig. 6. B). Dans certains cas, cette méthodologie a été adaptée a la question posée. Par
exemple, dans le chapitre 4, on effectue une comparaison entre les performances de '’ADNe et des
caméras sous-marines. La caméra étant posée sur le fond, un transect de 2 km n’était pas adapté pour
comparer les deux méthodes efficacement. L’adaptation de la méthode a consisté a naviguer autour du
point oU était posé la caméra pendant la durée classique de 30 min pour standardiser le prélévement a
30L (Fig. 6. C). Une derniére méthodologie a été récemment développée pour limiter la distance a
I'habitat causée par les préléevements en surface. Il s’agit d’utiliser des tuyaux de préléevement d’eau
plus long afin d’atteindre des profondeurs classiques de récifs coralliens : entre 10 et 30m. Le co(t
unitaire d’un tuyau de cette taille contraint toutefois les équipes a les réutiliser entre différents sites et
nécessite un protocole de décontamination en filtrant a vide dans la javel pour ne pas contaminer des

sites distincts avec la signature génétique du précédent.
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Fig. 6. lllustration de la stratégie d’échantillonnage initiale avec un rectangle de 2km*0.5 km (A) et
modifiée par la suite en un aller-retour de 2km le long de I'habitat (B), utilisée en cas de comparaison
avec des méthodes de recensement traditionnelles telles que les vidéos sous-marines (C) en utilisant
un tuyau prélevant en sub-surface (<1m) pour ces trois stratégies, ou un tuyau assez long pour
s’approcher de I’habitat benthique (D).

Le protocole de surface classique trouve ses limites par le fait que la pompe péristaltique n’est
pas étanche et nécessite une étape de bricolage pour I'étanchéifier en cas de houle importante. Méme
avec ces précautions, plusieurs pompes ont cessé de fonctionner due aux contraintes de terrain
auxquelles elles avaient été exposées. Pour travailler en mer plus efficacement, une premiére
alternative de pompe résistante a I'eau a été trouvée avec un prototype de pompe péristaltique début
2018. Ce modele n’a pas eu la résistance attendue et a cessé de fonctionner dés ses premieres
utilisations sur le terrain. La conception de la pompe était inadaptée, car le mécanisme rotatif chauffait
au point de faire fondre les pignons de la téte péristaltique, rendant la pompe inutilisable (Fig. 7). Ce

modeéle a donc été abandonné.
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Fig. 7. Organisation interne du prototype de pompe péristaltique
abandonné suite a une trop importante surchauffe interne du

mécanisme. Crédit : V. Marques.

La base compléte ADNe regroupe des échantillons provenant de différentes méthodologies, reflétant
I’évolution des méthodes de prélevement. La liste complete des dates et méthodes d’échantillonnage

de chacun des sites est présentée Table. 2.

Table. 2. Informations méthodologiques sur les échantillons de la base ADNe par campagne.

# # Méthode Filtre
Campagne | Année # filtres Volume
sites | stations échantillonnage

Sacs plastiques
Lengguru 2017 11 46 93 Sterivex 2L
stériles (points)

Guadeloupe | 2018 1 17 28 Transects A Capsule| 30L
Malpelo 2018 1 18 30 Transects A et C |Capsule| 30L
Fakarava 2018 1 15 23 Transects B Capsule| 30L
Providencia 2018 1 10 20 Transects B Capsule| 40L
Santa Marta | 2018 1 13 32 Transects B et C |Capsule| 30L
Iles Eparses | 2019 | 4 56 74 Transects B |Capsule| 30L
Nouvelle
ST, 2019 6 65 65 Transects D Capsule| 32L

Au cours de la these, des préléevements plus profonds dans les zones mésophotiques et
mésopélagiques ont également été réalisés de maniere opportuniste, entre 50m et 3000m (Table. 3).
Pour atteindre ces profondeurs, il a fallu déployer des bouteilles Niskin pour prélever I'eau sur des points

ponctuels. Dans la mesure du possible, des réplicas ou sous-échantillons issus de plusieurs bouteilles
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ont été prélevés. Au cours de missions sur des navires océanographiques, le déploiement des Niskin
s’est fait le long d’un céble en acier suite a la défaillance de la rosette (Fig. 8. A). Lorsque nous ne
disposions que d’annexes, nous avons déployé et remonté des Niskins a I'aide de canne a péche et
moulinet de péche électrique (Fig 8. B) ou a la main. Le moulinet s’est avéré de puissance trop légére
pour remonter des bouteilles de 10L de facon optimale a forte cadence, mais fonctionne pour des
déploiements ponctuels et peu profonds (< 200m, la longueur maximale de fil qu’il est possible

d’enrouler tout en ayant un diametre suffisant pour résister a la charge d’une bouteille pleine).

Fig. 8. Photos de terrain illustrant le déploiement de bouteilles Niskin depuis un navire océanographique
jusqu’a 3000m de profondeur (A) ou depuis une annexe jusqu’a 200m de profondeur (B), ainsi que la
récupération de la bouteille pour filtration sur I'annexe (C) ou filtration au laboratoire du contenu des
bouteilles vidées dans des sacs stériles (D). Crédits : V. Marques (A, D), O. Borde (B, C).
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Table. 3. Tableau récapitulatif des échantillons profonds (>50m) récoltés au cours de I'échantillonnage.

Distance min au
# Profondeur Méthode
Campagne | Année substrat Volume
stations max (m) échantillonnage
(approximative, m)
Niskin et plongée
Lengguru 2017 13 270 2 2L
recycleur
Ile de
2018 2 600 NA Niskin 10L
Malpelo
Fakarava 2018 2 200 50 Niskin 10L
Santa Marta | 2018 2 150 15 Niskin 10L
Iles Eparses 2019 9 3000 5 Niskin 10L

Protocole récolte de tissus

Pour pouvoir constituer une base de référence génétique, il est nécessaire de récolter des
échantillons de tissus des espéeces susceptibles d'étre détectées sur les filtres. Pour cela, notre
démarche a été majoritairement opportuniste lors de déplacements internationaux afin de récupérer
des tissus a travers la péche autonome ciblée lorsque les permis de péche ont pu étre délivrés, ou sur
les marchés aux poissons, en collaboration avec d’autres équipes utilisant ces mémes individus pour
leur tissus ou intestins (Fig. 9). Sur le site de I'lle de Malpelo (Colombie) par exemple, qui est une réserve
naturelle ou vivent quelques especes endémiques, il n’a pas été possible d’obtenir des permis de
prélevement de poissons au filet donc aucun individu n’a pu étre prélevé. L'équipe du premier leg est
toutefois parvenue a récolter quelgues échantillons de tissus au marché aux poissons de Panama. Le
protocole de péche sous-marine consiste a prélever les individus a I'aide de filets a mailles de différentes
tailles pour couvrir une large étendue d’espéces, ou bien a I'aide d’un fusil-harpon pour les espéces les
plus grosses. Les filets lestés sont disposés au fond en plongée en scaphandre sur une zone adéquat et
protégée des courants forts, puis les especes d’intérét sont poussées dans les filets et récupérées dans
une nasse avant d’étre remontée a bord. Au laboratoire humide, les individus sont identifiés par un code
unigue et identifiés a I'espece lorsque c’est possible. Un morceau de nageoire ainsi que de muscle sont
prélevés puis conservés dans des tubes uniques rempli d’ethanol a 96°, qui sera renouvelé au bout de

24-48h pour maximiser la conservation des échantillons.
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Fig. 9. lllustration de la collecte de tissus de poissons en plongée avec I'utilisation de filets maillants (A),
sur les marchés (B), remontée des poissons dans les nasses (C), puis récupération des tissus au
laboratoire (D). Crédits : O. Borde (A,D). R. Hocdé (B) et C. Albouy (C).

5. Analyses moléculaires et séquencage

Dans cette partie, deux points seront discutés. Dans un premier temps, la constitution de la
base de référence génétique a partir des échantillons de tissus récoltés lors du travail de terrain, et dans

un second temps, le traitement des échantillons d’ADNe metabarcoding.
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Glossaire

Amorce : Courte séquence d’ADN ou ARN dont la composition en nucléotides permet d’amplifier une

portion d’ADN cible avec de I’ADN polymérase.

Clustering : ou « analyse de groupement ». Méthode d’analyse de données permettant de diviser un

ensemble de données en sous-ensembles partageant des caractéristiques communes.

HTS : Séquencage haut débit (« High Throughput Sequencing »). Ensemble de méthodes de
séquencage apparues en 2005 et permettant le séquencage d’une grande quantité de données a bas

colts et rapidement.

MOTU : « Molecular Operational Taxonomic Unit », ou unité taxonomique moléculaire. Il s’agit d’un
regroupement de séquences jugées similaires, généralement par le biais d’un algorithme de

clustering.

PCR : Réaction en chaine par polymérase (« Polymerase Chain Reaction »). Procédé moléculaire
permettant la réplication en grand nombre de séquences amplifiées par des amorces a partir d’'une

faible quantité d’ADN initial.

Pipeline : Commandes de code informatique automatisé permettant I'exécution de plusieurs logiciels
ou programmes, ou chaque sortie constitue I’'entrée de la tache suivante pour limiter I'intervention
humaine au cours du traitement. Par exemple, le traitement bio-informatique de séquences d’ADNe
metabarcoding : le code permet de passer de sorties de séquencage (premiere entrée) a des tables

de présence/absence des espéces/MOTUs (derniére sortie).

Traitement des échantillons de |la base de référence

Les échantillons de tissus issus des campagnes de terrain sont rapatriés au laboratoire de
biologie moléculaire et conservés au frigo en attendant les procédures d’extraction d’ADN. Une partie
de ce travail a été réalisé au CEFE a Montpellier, et la majorité des échantillons ont été traités a I'ETH
de Zurich par I'équipe du Prof. Dr. Loic Pellissier. Ma contribution pour cette partie est faible et concerne

guelques échantillons traités a Montpellier.
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Les morceaux de nageoires conservés dans |'éthanol sont séchés a I'étuve, puis I’ADN est extrait
en utilisant le kit « DNeasy Blood and Tissues kit » (QIAGEN®) selon les recommandations de QIAGEN®.
L’ADN extrait est ensuite amplifié par PCR (voir Glossaire) avec les amorces VO5F898 en forward
(AAACTCGTGCCAGCCACC) et teleo en reverse (Table. 4), d’'une longueur totale d’environ 700 paires de
bases. Ce couple d’amorces permet de séquencer la presque totalité du gene 12S et d’inclure les 3
marqueurs utilisés dans le cadre de cette these (teleo, Vert01 et Chond01, voir Table. 4). Les sorties de
PCR sont par la suite envoyées au séquencage par la méthode Sanger. Les chromatogrammes recus (un
par sens de lecture) sont alignés puis corrigés a la main pour extraire la séquence de chaque échantillon
en utilisant le logiciel Geneious® (Fig. 10. A). De facon générale, la couverture du gene 12S était
quasiment totale par ce couple d’amorces, tous les marqueurs ADNe situés sur le 12S sont couverts par

la portion amplifiée (Fig. 10. B).

A

@ @ (@ extract @ RC. &) Translate @ Add/Edit Annotation (rastricted) | # Allow Editing (restricted) @ Annotate apredic | [l save

1.MF20_TELEORab1 =

At
2. MF20_VOSF898.a..

B

teleo e

chond Q1 me—sn
vertO mmmmean

V05/ teleo mmm

12S

|
0 250 500 750 1000 pb

Fig. 10. Capture d’écran lors de I'alignement d’un chromatogramme dans le logiciel Geneious© (A) et
illustration schématique du placement des marqueurs ou paires d’amorces sur le géne mitochondrial
ARN ribosomal 12S (B). Les parties en rouge représentent les amorces de part et d’autre de la séquence
d’intérét. lllustration (B) inspirée de Zhang et al. (2020).
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Lorsque l'identification taxonomique n’a pas pu étre effectuée a I'espece avec certitude sur le
terrain, les individus seront séquencés pour le gene mitochondrial du cytochrome c oxydase codée |
(COl) a I'aide d’amorces spécifiques pour cette région pour leur identification taxonomique via barcode

génétique (Valentini et al. 2009).

Traitement des échantillons d’ADNe

Dans le cadre des analyses de 'ADNe metabarcoding, les filtres ADNe sont envoyés au
laboratoire a I'issue de I'échantillonnage ou ils seront extraits, amplifiés puis séquencés. Les principales
étapes, données a titre général et indicative du procédé global, sont présentées Fig. 11., ou la partie
« Laboratoire moléculaire » est effectuée par I'entreprise SPYGEN par le personnel habilité, qui sous-
traite la préparation de librairies et du séquencage au laboratoire Fasteris (Geneve, Suisse). La salle
d’extraction de I'’ADN est dédiée a cette étape et équipée de pression positive et d’un renouvellement
de I'air fréquent pour éviter les risques de contamination. Le personnel est équipé de protection a usage
unigue et les paillasses sont décontaminées a I'eau de javel avant et aprés toute manipulation. Les
détails du protocole de laboratoire complet utilisé dans le cadre de ces travaux sont présentés dans

I'article de Pont et al. (2018). Je n’ai pas participé a ces étapes de laboratoire et de séquencage.

Table. 4. Séquences des amorces forward et reverse des marqueurs génétiques ADNe metabarcording
utilisés et leur taille moyenne en nombre de paires de bases.

Marqueur Sequence forward Sequence reverse Taille (pb)
teleo ACACCGCCCGTCACTCT CTTCCGGTACACTTACCATG ~64
chond01 ACACCGCCCGTCACTCTC CATGTTACGACTTGCCTCCTC ~45
vertO1 TAGAACAGGCTCCTCTAG TTAGATACCCCACTATGC ~100

Les étapes classiques de la partie laboratoire de traitement de ’ADNe par metabarcoding :

(1) Extraction de I'ADN. L’ADN est extrait des capsules de filtration hermétique suivant les
recommandations d’un kit d’extraction commercial ou d’un protocole dédié. (SPYGEN)

(2) Amplification par PCR. L'ADN extrait est amplifié par réactions en chaine de polymérase
(PCR, voir Glossaire) en utilisant I'amorce metabarcoding d’intérét. Au cours de cette thése,
I"amorce teleo ciblant les poissons osseux et élasmobranches a été majoritairement utilisée,
avec en complément les amorces chond01 et vertOl, ciblant respectivement les

élasmobranches plus spécifiqguement et les organismes vertébrés. (SPYGEN)
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(3) Multiplexage. Le multiplexage consiste a assigner une série de nucléotides connus et
uniques (ici, 8 paires de bases) a un échantillon environnemental, appelé tag (« étiquette »).
Puisqu’une librairie envoyée au séquencage contient de nombreux échantillons, le tag
permet d’assigner a postérioriles séquences a I’échantillon environnemental dont elles sont
issues. (SPYGEN)

(4) Séquengage. La préparation des librairies est effectuée par la méthode de ligation (c’est le
cas de ces travaux) ou bien par une seconde PCR. Le séquencage se fait couramment sur
des plateformes lllumina MiSeq ou HiSeq en paired-end (« double-lecture »), c’est a dire
gue chaque séquence est lue en 5° — 3" et en 3’ — 5" afin d’avoir une double lecture.

(FASTERIS)
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Laboratoire

Extraction de 'ADN

Amplification par PCR

Multiplexage

Séquencage

Bio-informatique

Alignement paired-end

Demultiplexage

Nettoyage erreurs / chiméres*

Clustering en MOTU*

Assignation taxonomique

Nettoyage post-clustering*

Fig. 11. Schéma du procédé d’ADNe en metabarcoding.
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6. Bio-informatique

Principes généraux

Apres I'étape de séquencage, il est nécessaire d’automatiser le traitement des données compte

tenu de leur complexité et grande taille. Pour cela, les grandes étapes indicatives d’un traitement par

metabarcoding sont indiquées Fig. 11.

(5)

Alignement paired-end (« double lecture »). Aprés séquencage, il est nécessaire
d’assembler les deux fichiers (un par sens de lecture) afin de retirer les séquences non
couvertes par les deux sens de lecture, ou avec une qualité de séquencage trop basse,

indiquée par le score du FASTQ délivré par la plateforme de séquencage.

Tag Amorce Amorce Tag

(Forward) (Forward) Sequence (metabarcode) (Reverse)  (Reverse)

s RO EAEGEETeGEe creccmccccrenccancactrecencescac RGN RERGERRR

Fig. 12. Illustration schématique du contenu d’une lecture apres le séquencage.

(6)

Demultiplexage. L'étape de « demultiplexage » permet de séparer les séquences d’une
méme librairie afin de les attribuer a leur échantillon environnemental grace au tag. A cette
étape, on retire également les fragments de séquences correspondant aux amorces, voir
Fig. 12, afin de ne conserver que le metabarcode d’intérét.

Nettoyage erreurs / chiméres. |l est possible d’ajouter une ou plusieurs étapes de nettoyage
basée sur la reconnaissance des séquences jugées comme erronées ou bien chimériques.
Les chiméres représentent un cas particulier d’erreur obtenue pendant I'étape de PCR ou
la séquence amplifiée correspond en réalité a un mélange de deux séquences réellement
présentes. On peut également filtrer par la taille des séquences, ou selon les marqueurs,
les tailles extrémes sont peu susceptibles de représenter autre chose que des artefacts.
Certains algorithmes de nettoyage se basent sur la qualité des bases du fastq, ou sur les
parametres d’abondance et de similarité entre les séquences pour effectuer du nettoyage
qualité (voir DENOISE, DADA?2, etc)(Callahan et al. 2016, Edgar 2016, Amir et al. 2017).
Clustering. Pour enlever les erreurs des séquences ou bien pour travailler avec des unités

taxonomiques, une étape facultative consiste a utiliser un algorithme de clustering
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(« analyse de groupement ») (Voir Glossaire) afin de regrouper des séquences jugées
similaires. De nombreux algorithmes existent et fonctionnent généralement sur des
principes de clustering distincts (lien simple, lien complet, algorithmes de voisinage),
antérieurs aux techniques de séquencage haut-début (Legendre and Legendre 1998,
Koskinen et al. 2015).

(9)  Assignation taxonomique. Les séquences sont ensuite comparées a une base de référence
afin d’assigner une taxonomie a chaque séquence. Si la base de référence est incompléte,
les séquences non assignées a une espece précise sont généralement assignées a un plus
haut niveau taxonomique (genre, famille). Différents algorithmes permettent d’assigner
une taxonomie a une séquence non représentée en utilisant notamment 'approche du
plus proche ancétre commun, LCA (« Lower Common Ancestor »), qui assigne le niveau
taxonomique le plus précis en tenant compte des contraintes de remplissage de la base de
référence.

(10) Nettoyage post-clustering. Il est possible de continuer le nettoyage de la qualité des
séquences par |'utilisation d’algorithmes post-clustering, ou bien de seuils de qualité tels

que retirer les séquences présentes dans un échantillon unique, trop peu abondantes, etc.

Par la suite, les données se présentent sous la forme de matrice espece/MOTUs — station, qui

permettent de procéder aux analyses écologiques.

La gestion des erreurs de séquencage

Un challenge important des technologies de séquencage a haut débit concerne la gestion des
séquences erronées, c'est a dire ne reflétant pas la réalité biologique des échantillons
environnementaux originaux. Ces erreurs trouvent majoritairement leur origine a deux étapes : i) lors
de la PCR, ol une erreur d’un ou plusieurs nucléotides lors de la réplication de séquences par I'enzyme
polymérase peut se former, ou la production de chiméres, une séquence hybride issue de deux

séquences réelles, ii) lors du séquencage, ou une base est mal lue par I'appareil.

La gestion des erreurs de séquencage est débattue depuis I'avénement du séquencage a haut
débit (HTS, voir Glossaire) (Quince et al. 2009, Patin et al. 2013, Edgar and Flyvbjerg 2015). La
microbiologie est un domaine pionnier des techniques de séquencage en ADN environnemental, qui
utilisa cette méthode pour séquencer '’ADN des organismes non cultivables en laboratoire pour
guantifier la quantité et la diversité de micro-organismes présents dans des environnements variés.
L’étude de la « biospheére rare », c’est a dire présente en tres faible abondance est compromise par la

gestion des erreurs et du bruit généré par les technologies de séquencage haut-débit (Welch and Huse
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2011). Des travaux démontrent que la surabondance d’unités taxonomiques rares détectées est a
considérer avec précaution car elle est susceptible de représenter des erreurs de séquencage et de PCR
et non une réalité biologique (Reeder and Knight 2009, Huse et al. 2010, Kunin et al. 2010). Comme la
majorité des erreurs sont des occurrences rares dans les jeux de données, il est difficile de discerner les
vraies occurrences d’espéces rares des erreurs, car ces deux catégories présentent généralement les

mémes caractéristiques (Patin et al. 2013).

Le clustering des séquences est une premiere approche pour corriger ces erreurs.
Historiquement il s’agissait plutdt de regrouper des « souches » ou « especes » de micro-organismes
proches (97% de similarité génétique), regroupées sous forme d’unités taxonomiques (Edgar 2018). Ces
unités taxonomigues n’avaient pas vocation a représenter des especes uniques, mais des complexes
d’espéces proches sous [|'hypothese qu’une proximité génétique entrainerait une proximité
fonctionnelle, en sachant que le concept méme d’espece est plus difficile a poser pour les organismes
procaryotes (Achtman and Wagner 2008). Ce dogme a depuis été sérieusement contesté (Callahan et
al. 2017, Edgar 2018). Les nouvelles recommandations se basent sur (i) du clustering des séquences
avec un seuil de similarité a 99%, afin de délimiter un maximum d’entités biologiques réelles, (ii) sur du
clustering non basé sur une similarité génétique fixe (e.g. SWARM, (Mahé et al. 2015)), ou encore (iii)
sur la définition de variants de séquence d’amplicon (ASV, « Amplicon Sequence Variant ») (Callahan et
al. 2017). Les variants de séquences exactes (ESV, « Exact Sequence Variant ») ou OTU a rayon nul
(zOTUs, « zero-radius OTUs ») sont des synonymes pour dénommer les ASV. Les méthodes de clustering
ou « débruitage » (de I'anglais « denoising ») sont aujourd’hui largement utilisées pour nettoyer des
séquences erronées (Fig. 13). Les méthodes de clustering sont variées, et parmi celles n’utilisant pas de
seuil de similarité fixe on trouve l'algorithme SWARM (approche ii), qui a été développé sur les
microorganismes par I'équipe de recherche des expéditions TARA (de Vargas et al. 2015, Mahé et al.
2015). SWARM construit des chaines de séquences et définit chaque (M)OTUs en fonction d’un double
parametre : son abondance et sa proximité génétique avec d’autres séguences plus ou moins
abondantes (Fig. 14. A). La plupart des algorithmes de « débruitage » génerent un modele d’erreur sur
les sorties de séquencage, puis appliquent ce modele pour trier les vraies séquences de celles
représentant des erreurs et définir des ASVs (voir Callahan et al. (2016) pour le fonctionnement détaillé
de DADA?2) (Fig. 14. B). Parmi la pléthore d’outils et de philosophies de nettoyage et traitement des
séquences disponibles, il s’agit surtout de trouver le compromis acceptable entre conserver un risque
de faux positifs générés par les erreurs mais également garder le signal de rareté biologique. Cela revient
a limiter les faux positifs au risque de créer des faux négatifs en supprimant des séquences réelles. Le
débat autour de I'utilisation de (M)OTUs versus ASVs n’est pas tranché, et les utilisations semblent

dépendre du marqueur moléculaire, taxon d’étude, tolérance aux faux-positifs et niveau de détail
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biologique requis pour répondre a la question posée (Koskinen et al. 2015, Leger et al. 2015, Nearing et
al. 2018). Plus particulierement, ces recommandations sont basées sur 'application a la microbiologie,

et sa transposition a d’autres contraintes et d’autres taxon tels que les métazoaires est incertaine.

sample amplicon reads _ OTUs
sequences RN
o °® I \]
° \ Pra N
.. ..... \ 'y N
° ~ 7/ I \
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® @ \ ]
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Errors

e— Make OTUs
DADA2

Fig. 13. lllustration schématique de la différence de philosophie entre le débruitage (« denoising ») par
DADA? et la création de (M)OTUs par le clustering. A noter que DADA2 n’est pas en mesure d’identifier
la totalité des erreurs, et que les (M)OTUs ont des performances variables selon les algorithmes pour
regrouper les séquences entre elles. Figure adaptée de Callahan et al (2016).
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Fig. 14. lllustrations des fonctionnements de I'algorithme de SWARM (A), ou des réseaux de séquences
sont créés puis séparés en fonction de I'abondance relative et de la proximité des séquences et (B) d’un
modele d’erreur de DADA2 en fonction de la qualité des bases en sorties d’lllumina (2), ou la base
correcte est « A », 'axe x le score de qualité et I'axe y la fréquence de la transition d’un nucléotide autre
que « A ». Les points représentent les fréguences observées et la ligne rouge le modeéle d’erreur. Figure
adaptée de Mahé et al. (2014) (A) et Callahan et al. (2016).

Développements au cours de la these

Mon travail de these a été guidé par la volonté de proposer des métriques de diversité réalistes
guant au nombre d’espéces réellement présentes, sans dépendre d’une base de référence compléte et
intégrant la gestion des erreurs de PCR et séquencage. L'introduction de telles métriques a nécessité de
développer un nouveau pipeline bio-informatique. Le chapitre 3 présente ce pipeline en détails, ainsi

que ses résultats lors d’une application en conditions réelles. Dans le but de définir un pipeline qui aurait
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la possibilité d’estimer des unités taxonomiques fiables par rapport au nombre réel d’espéces, il était
nécessaire de tester les outils développés par la communauté microbienne sur des marqueurs et taxa
appartenant aux métazoaires et dans des conditions réelles. La plupart des tests de pipelines ou
d’algorithmes sont effectués sur des taxons bactériens ou eucaryotes comme les diatomées (Apothéloz-
Perret-Gentil et al. 2017, Vasselon et al. 2017, Keck et al. 2018, Pawlowski et al. 2018), ou les marqueurs
et caractéristiques génétiques des organismes sont trés éloignés de ceux des métazoaires vertébrés.
L’ADNe sur des vertébrés implique également un nombre plus élevé de cycles de PCR (50 dans le cas
présent) car le signal est plus rare et dilué dans I’'environnement, créant un plus grand nombre de
séquences erronées. De plus, de nombreux tests de pipeline s’effectuent sur la base de résultats de
« mock community » (assemblage in-vitro d’'une composition de séquences connues), qui sont
indispensables, mais ne représentent pas la complexité des conditions réelles. Je cite ici Koskinen et al.
(2015) pour appuyer ce propos : « [...] testing these tools merely with mock communities may not result
in representative results with real data, as the diversity and evenness of the natural microbial

communities vary and the true performance of tested algorithms remains unclear.”.

En partant de I'organisation générale des étapes d’un pipeline bio-informatique de traitement
des données metabarcoding et des contraintes liées a la gestion des erreurs, deux pipelines bio-
informatiques ont été développés au cours de cette thése. Ces deux pipelines utilisent des outils déja
existants dans la littérature (ex : Swarm, Obitools, Vsearch) et ont été modifiés et codés pour notre
propre utilisation sur les poissons en collaboration avec P-E. Guérin, ingénieur bio-informaticien au
CEFE. Les pipelines ont été optimisés grace a ['utilisation conjointe du gestionnaire de pipeline

snakemake (Koster and Rahmann 2012), de paquets conda (https://www.anaconda.com/) ou de

containers singularity (Kurtzer et al. 2017) afin de garantir la bonne organisation, la portabilité et la
reproductibilité des analyses. Les pipelines ont été congus pour gérer le traitement des données issue
d’un ségquencage multi-marqueur avec un haut niveau de parallélisation pour optimiser les temps de

calcul.

Pipeline 1 (« MOTU pipeline ») : Le cceur du pipeline est basé sur la combinaison des outils et algorithmes
Vsearch, Swarm et LULU (Mahé et al. 2015, Rognes et al. 2016, Frgslev et al. 2017) et génere des unités
taxonomiques (MOTUs). Ce pipeline est utilisé lorsque les bases de références sont non-exhaustives.
Vsearch est une boite a outils dont I"utilisation est complétement libre et accessible (contrairement a
son analogue USEARCH) (Edgar 2010), Swarm est un algorithme de clustering et LULU est un algorithme
de post-clustering qui utilise les scores de similarité avec les patrons de cooccurrence pour nettoyer les

unités taxonomiques.
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Pipeline 2 : Il est basé sur la boite a outils Obitools, selon les recommandations initiales de ses auteurs
(Boyer et al. 2016). Les erreurs éventuelles ne sont filtrées qu’avec la fonction obiclean, qui nettoie les
données selon la proximité des séquences deux a deux et le ratio de leurs abondances avec des
parametres choisis. Ce pipeline s’utilise surtout dans le cas ou les bases de référence sont proches de

I’exhaustivité car aucune étape de clustering ni de débruitage par modéle d’erreur n’est appliquée.

Pour les deux pipelines, des seuils de qualité peuvent par la suite étre appliqués pour (i)
supprimer les lectures de séquence représentant du « tag-jump », c’est a dire une mauvaise assignation
a un échantillon au moment du demultiplexage a cause des erreurs de lecture de nucléotide sur les tags
(Schnell et al. 2015), (ii) les séquences en trop faible abondance, susceptibles de représenter des
erreurs, (iii) les séquences présentes dans une unique PCR, car une méme erreur de PCR a peu de chance

d’étre présente par chance dans plusieurs échantillons.
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Chapitre 2 - GAPeDNA: Assessing and mapping global
species gaps in genetic databases for eDNA

metabarcoding

Manuscrit A
Marques V., Milhau T., Dejean T., Manel S., Mouillot D., Juhel J-B. GAPeDNA: Assessing and mapping
global species gaps in genetic databases for eDNA metabarcoding. (2020). Diversity and Distributions.

In Press.
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1. Préface

Nous avons vu au chapitre d’introduction que les besoins en recensement et évaluation des
communautés ichtyologiques sont tres importants, notamment en milieu tropical, et que le
metabarcoding de 'ADN environnemental est une méthode trés prometteuse pour compléter ou
remplacer les méthodes classiques. Cependant, une importante limitation concerne la couverture non
exhaustive des dans les bases de référence génétiques. La détection de séquences sur des filtres ADNe
sans correspondance taxonomique montre une forte sous-estimation de la richesse des especes
présentes. Alors que I'objectif a long terme est de séquencer la totalité des 32 000 especes décrites de
poissons osseux (Osteichthyes), il n"existe pas de base de données permettant de savoir quelles especes
ont été déja séquencées, pour quel marqueur génétique et surtout de connaitre les régions ou ces

espéces manguantes se concentrent.

Une premiére étude a montré qu’a I'échelle de I'Europe, le remplissage des bases de références
reste parcellaire avec une forte hétérogénéité spatiale et taxonomique (Weigand et al. 2019). Les
espéces faisant I'objet de programmes de suivi dans plusieurs pays ont une meilleure couverture
taxonomique que celles qui sont peu suivies, et les taxons plus charismatiques sont plus étudiés (i.e.
meilleure couverture pour les poissons que les diatomées ou macroinvertébrés). Par contre
I'hétérogénéité spatiale de la couverture taxonomique des bases de références génétiques pour les
poissons n’est pas connue a I"échelle mondiale, alors que ’ADNe est fréquemment cité comme une
méthode particulierement adaptée a la détection d’espéces menacées ou non-indigenes. Combien

d’entre elles sont présentement détectables compte tenu du remplissage des bases de référence ?

Ce chapitre vise a établir une référence de I'état de couverture taxonomique des bases de
références pour (i) tous les marqueurs ADNe metabarcoding ciblant les poissons osseux, (ii) toutes les
régions d’eau douce et marines. Une application web (R shiny) accompagne ce manuscrit afin d’explorer

ce remplissage de maniere interactive (https://shiny.cefe.cnrs.fr/GAPeDNA/).

Les résultats révelent que la couverture taxonomique des bases de référence est tres inégale
spatialement pour tous les marqueurs, avec un fort déficit dans les régions tropicales, particulierement
pour les poissons d’eau douce. Les régions tempérées de I'hémisphére nord ont les bases de références
les plus remplies pour tous les marqueurs et milieux. Les espéces menacées selon la liste rouge de I'lUCN
sont plus représentées que les non-menacées, et les non-indigenes sont plus représentées que les non-

indigénes pour tous les marqueurs.
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Toutefois, aucun marqueur n’atteint un taux de couverture supérieur a 55% pour les espéces menacées
et 70% pour les non-indigénes, ce qui montre la nécessité de se focaliser en priorité sur les espéces
restant a séquencer au sein de ces catégories critiques pour exploiter pleinement la méthode ADNe en
conservation. Trois bassins d’eau douce en particulier concentrent plus de 60 especes menacées et non
séquencées pour le marqueur 12S le plus utilisé dans la littérature : le Congo, le Mekong et le Mississipi.
'application GAPeDNA permet d’explorer la totalité de ces résultats de fagon interactive et évolutive
pour chacun des marqueurs génétiques en utilisant les poissons comme exemple. GAPeDNA a vocation
a s’étendre pour inclure d’autres groupes taxonomiques si les données d’aires de répartition des

especes et les paires d’amorces sont disponibles et compilées.

2. Manuscrit A
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Abstract

Aim:

Environmental DNA metabarcoding has recently emerged as a non-invasive tool for aquatic biodiversity
inventories, frequently surpassing traditional methods for detecting a wide range of taxa in most
habitats. The major limitation currently impairing the large-scale application of eDNA-based inventories
is the lack of species sequences available in public genetic databases. Unfortunately, these gaps are still
unknown spatially and taxonomically, hindering targeted future sequencing efforts.

Innovation:

We propose GAPeDNA, a user-friendly web-interface that provides a global overview of genetic
database completeness for a given taxa across space and conservation status. As an application, we
synthetized data from regional checklists for marine and freshwater fishes along with their IUCN
conservation status to provide global maps of species coverage using the European Nucleotide Archive
public reference database for 19 metabarcoding primers. This tool automatizes the scanning of gaps in
these databases to guide future sequencing efforts and support the deployment of eDNA inventories at
larger scale. This tool is flexible and can be expanded to other taxa and primers upon data availability.
Main conclusions:

Using our global fish case study, we show that gaps increase toward the tropics where species diversity
and the number of threatened species were the highest. It highlights priority areas for fish sequencing
like the Congo, the Mekong and the Mississippi freshwater basins which host more than 60 non-
sequenced threatened fish species. For marine fishes, the Caribbean and East Africa host up to 42 non-
sequenced threatened species. By presenting the global genetic database completeness for several
primers on any taxa and building an open-access, updatable and flexible tool, GAPeDNA appears as a

valuable contribution to support any kind of eDNA metabarcoding study.

Keywords: genetic markers, shiny, marine and freshwater fish, threatened species, IUCN, non-

indigenous species, environmental DNA, reference database
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Introduction

Aguatic ecosystems are increasingly impacted by human activities, threatening their biodiversity and
causing major disruptions in their functioning (Cinner et al., 2016; Link & Watson, 2019; Reid et al.,
2019). Marine systems are under severe defaunation with numerous local species extinctions
(McCauley et al., 2015) and also experiencing the highest rates of biodiversity changes under the
combined effects of climate change and direct human impacts (Blowes et al., 2019). Freshwater
ecosystems are even more at risk, with fishes being among the most threatened vertebrates due to
habitat degradation or exotic species introduction (Collen et al., 2014). In this context, efficient non-
invasive methods are urgently needed to accurately monitor aquatic biodiversity including rare, highly
mobile and elusive species in order to set appropriate conservation management.

Among the many ways to survey aquatic biodiversity, eDNA metabarcoding has recently emerged as a
promising approach, frequently surpassing traditional inventory methods in detectability potential
(Boussarie et al., 2018; Carraro, Hartikainen, Jokela, Bertuzzo, & Rinaldo, 2018; Stat et al., 2019;
Valentini et al., 2016). Exogenous DNA released by animals in the environment, through shed skin,
mucus or feces, can be retrieved by filtering water and amplified via Polymerase Chain Reactive (PCR)
using universal primers (Ficetola, Miaud, Pompanon, & Taberlet, 2008). High-throughput sequencing of
the amplified DNA fragments provides a list of sequences over which corresponding species can be
assigned by comparison with available genetic databases like the European Nucleotide Archive (ENA)
(Dickie et al., 2018; Kanz et al., 2005).

However, the major limitation currently impairing the large-scale application of eDNA inventories is the
incompleteness of species sequences available in public genetic databases, considerably reducing the
breadth of detected biodiversity. Historically, eDNA studies have primarily focused on well-known
species-poor freshwater systems (Jerde, Wilson, & Dressler, 2019) but recently, eDNA biodiversity
inventories have spread all over the globe, across a wide range of ecosystems encompassing less-
studied and more diverse taxa and habitats (Cilleros et al., 2019; Jerde et al., 2019; Yamamoto et al,,
2017). A recent study on European aquatic systems shows that genetic coverage varies widely among
taxonomic groups, databases and the level of monitoring (Weigand et al., 2019) with for example
European freshwater fish lacking genetic coverage on the 12S mitochondrial marker for 64% of the 627
species.

Teleostean fishes represent the largest group of vertebrates with more than 32,000 species
(“www.fishbase.org,” n.d.) and a total biomass of 0.7 Gt (Bar-On, Phillips, & Milo, 2018). They represent
the most extensively studied taxonomic group using eDNA with up to 60% of the publications on
vertebrates (Tsuji, Takahara, Doi, Shibata, & Yamanaka, 2019). Fish indeed play a significant role in

carbon cycling (Wilson et al., 2009) and food security (Hicks et al., 2019). Despite their cultural,
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commercial and ecological importance, fish populations are increasingly depleted or threatened due to
overfishing (Anticamara, Watson, Gelchu, & Pauly, 2011) and habitat alterations (Collen et al., 2014).
Surprisingly, the extent to which genetic reference databases cover fish biodiversity for the most widely
used metabarcoding primers is unknown, while it ultimately determines the amount and the
composition of species potential revealed by eDNA surveys. This kind of information is currently
available, albeit scattered across different databases, but we still lack a tool facilitating the assessment
and visualization of genetic species coverage for a given region, a given taxa and a given primer.

Here, we filled this gap by developing a user-friendly, flexible and interactive web-interface linking
reference genetic databases to regional species lists. Using regional freshwater and marine fish
checklists, we assessed geographic variations in species diversity coverage vs. gap for different
metabarcoding primers. Then, we highlighted the geographical bias in genetic coverage and disparities
according to the native and conservation status of species (IUCN), providing valuable recommendations

for future eDNA investigations at global scale.

Methods

1. Interactive web-interface: GAPeDNA
To facilitate the global assessment and visualization of regional gaps in genetic databases for
environmental DNA metabarcoding, we developed a user-friendly interactive web-interface called

GAPeDNA (https://shiny.cefe.cnrs.fr/GAPeDNA/, Fig 1), using the shiny R package (Chang, Cheng,

Allaire, Xie, & McPherson, 2019). This interface allows researchers and stakeholders to easily locate gaps
in the reference genetic databases at global scale for a selection of fish metabarcoding primers. A virtual
PCR using the selected primers is performed on a selected online genetic database. The list of the
amplified species is then compared to a spatialized checklist to generate the percentage of species
referenced in each spatial unit or area (e.g. basins and ecoregions for freshwater and marine fishes,
respectively) (Fig 1A). This percentage is then displayed with an interactive global map in GAPeDNA. This
interface is flexible and can display results for several primer pairs per taxon, several spatial units, and
allows the user to choose between several options (Fig 1B). We present the application for fish but users
are encouraged to suggest new taxa which requires to have (i) at least one primer pair targeting the
taxa using metabarcoding and (ii) globally georeferenced species checklists. It also allows to visualize
which species are actually sequenced for a given primer when clicking on the area of interest, under
which conservation status (i.e. [IUCN category) these species are, and extract this information as a
Comma Separated Values (CSV) file. Users can thus quickly grasp information regarding sequencing

priorities depending on their research interest.
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Fig. 1. lllustration of the process for generating map and data in the GAPeDNA web application (A) and
details on the interface (B). User’s spatial choices are in blue and green, genetic choices in green and
visual displays are in red.
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2. Genetic sequence database and genetic coverage by markers

To illustrate the distribution of species coverage, we used the European Nucleotide Archive (ENA) (Kanz
et al.,, 2005) (release 138, downloaded in January 2019) as the genetic reference database for fish
species. This database was formatted using obiconvert from the OBITOOLs toolkit (Boyer et al., 2016)
to run in-silico PCRs (i.e. virtual PCR based on primer affinity to sequences). Yet, primer sequences need
to be present within the sequence fragment deposited online to be detectable using this in silico
approach.

An extensive literature search was conducted to identify the most commonly used primers targeting
fish for metabarcoding on ISI Web of Science with the following keywords: “fish” AND “metabarcoding”
AND “primer” AND “environmental DNA”. We discarded primer pairs not primarily targeting fish, only
targeting a restricted group of fish or containing errors. Following this filtering, we retained 23 primer
pairs from 18 papers (Supplementary, Table S1), from 5 regions in the mitochondrial genome (hereafter
referred as markers): namely 12S, 16S, 18S, COl and CytB. All primer pairs were used individually to run
in-silico PCRs using ecoPCR from OBITOOLS (Boyer et al., 2016), with 3 mismatches allowed. All species
amplified by each primer were compared to the regional fish checklists of both marine and freshwater
environments, to obtain the percentage of species coverage by spatial unit and by primer. Fish names
obtained from GenBank were checked and updated using Fishbase as the sole reference. We further
discarded 4 primer pairs with low performance (global fish coverage < 0.05 %) to avoid bias when
comparing markers (Supplementary, Table S2), so we proceeded with a total of 19 primer pairs on 4
markers, as the only primer pair located on the 18S rDNA marker was discarded. The successful virtual
amplification of a species by a primer pair is conditional to (i) species presence in the public genetic
database and (ii) the primer ability to amplify the sequence. Hence, primer pairs lacking universality for
fish sequence amplification show an overall low coverage, even if located on a genetic marker with a
larger sequence coverage in online database, since they are unable to amplify those due to primer

specificity.

3. Global species checklists and status

The checklist for freshwater fish was extracted from a global-scale database of fish diversity at the basin
scale (Tedesco et al., 2017). The authors reviewed a large body of information from 1,436 distinct
sources over 3,119 drainage basins, covering more than 80% of Earth surface and comprising 14,953
fish species, so 90% of all freshwater fishes recorded in Fishbase (www.fishbase.org). Although all
biogeographic realms are well represented, some regional gaps remain in the database due to the
scarcity of information or the probable low number of freshwater taxonomists in some regions like
Southeast Asia. The global diversity of marine fishes was assembled using OBIS (Ocean Biogeographic

Information System) and regional checklists (Albouy et al., 2019; Pellissier, Heine, Rosauer, & Albouy,
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2018), including manual verification to remove taxonomic classification errors. It contains available
occurrence data for all marine teleost and agnathan fishes, so a total of 14,202 species representing
82% of all marine fish species recorded in Fishbase. The original spatial resolution was a 1° grid for all
marine environments. For visualization and interpretation purposes, this grid was then coerced at two
supplementary biogeographic spatial scales according to Marine Ecoregions (Spalding et al., 2007) (i) at
the province scale, with 62 distinct units and (ii) at the ecoregion scale, with 232 distinct units. Latitudes
and longitudes were computed as the centroid of each polygon at the finest resolution for the both
environments using the R package sf (Pebesma, 2016), and land areas were removed using polygons
from Natural Earth data (“https://www.naturalearthdata.com/,” n.d.). Areas were calculated using the
Mollweide equal area projection and presented in figures using the Robinson projection.

For freshwater environments, a species is considered as non-indigenous in a given basin only if this
species is able to complete its entire life cycle and harbors self-sustaining populations in that basin
(Tedesco et al., 2017). A species is considered as indigenous when never occurring as non-indigenous in
any basin following the original data (Tedesco et al., 2017). We acknowledge that some of the species
classified as indigenous may have been introduced in another basin but have still not been identified,
detected or been referred as such into global databases. However, our dataset represents currently the
most recent and precise data on non-indigenous freshwater species at the global scale (Tedesco et al.,
2017). For marine systems, we used the information supplied in Fishbase and only considered species
flagged as ‘introduced’, excluding species categorized as ‘questionable’ or ‘non-settled’.

Regarding the conservation status of species, we retrieved data from the redlist R package
(Chamberlain, n.d.) to assign each species from both freshwater and marine environments into an I[UCN
red list category. The abbreviation ‘DD’ represents Data Deficient, ‘LC’ Least Concern and all threatened
or near-threatened categories were grouped under the ‘Threatened & NT’ status. We excluded species
identified as ‘EX’ for Extinct and ‘EW’ for Extinct in the Wild. Where no data was available, we assigned

the value ‘NA’.

Results
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Fig. 2. Global and latitudinal distributions of freshwater fish species richness on log scale (A, B), coverage by online
genetic database for the Miya primer targeting the 12S mitochondrial rDNA region (C, D), the Kocher primer
targeting the Cytochrome B mitochondrial rDNA region (E, F), the DiBattista primer targeting the 16S rDNA region
(G, H), and the Ward f2 primer targeting the COI mitochondrial region (I, J). The number of species along latitude
(b) is log10 scaled and obtained from the finest resolution, here by basin. Global latitudinal patterns of all primer
pairs are given in Supplementary, Fig S5 and S6, and the global distribution maps are reproducible and interactive
using the web application. The displayed primers represent the most used per genetic marker in fish eDNA studies
(Tsuji et al., 2019).
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Global distribution of genetic database completeness and gaps
The 3,119 freshwater drainage basins, located across all continents (except the poles) largely varied in

terms of surface, from 2 km? to 5,888,417 km? (Amazon) with a mean of 31,996 km? (SD = 20,9732 km?).
Their species richness ranged from 1 to 2,273 with a mean of 33 species (SD = 71), with an increasing
number of species towards the equator following the classical latitudinal gradient (Figs 2A and 2B).
Across the 232 marine ecoregions, species richness also greatly increased towards the equator, from 14
species (East Antarctic) to 3,937 species (South China Sea Oceanic Islands; Figs 4A and 4B). Marine
ecoregion area varied from 19,000 km? (Puget Trough, Northern America) to

2,647,573 km? (Hawaii) with a mean of 588,862 km? (SD = 460,459 km?) and no correlation between
area and fish species richness was observed (Supplementary, Fig S1).

Global coverage of fish species in GenBank largely varied according to both the marker position along
the mitochondrial genome and among primers for a given position (Figs 2 and 3), with a global coverage
for freshwater species ranging between 7% for COl Ward and 26% for 16S Mclnnes, and a coverage for
marine species between 4% for Thomsen Cytb cb and 30% for Shaw 16S (Supplementary, Table S2). For
a given primer pair, species coverage also greatly varied along the latitudinal gradient, with a U-shaped
relationship peaking in high absolute latitudes for most of the primers in freshwater systems. For
example, the 16S Mclnnes primer had a mean coverage of 89% between 48° and 52° latitude (84 basins)
and only 40% between -2° and 2° latitude (54 basins). This contrast was also marked for primers
targeting the 12S mitochondrial rDNA region. For example, the 12S Miya primer pair covered 83% of
the fish checklist in high latitudes (between 48° and 52°) but only 23% close to the equator (between -
2° and 2° latitude, Fig. 2d). The Cytb from Thomsen 2cbl and 2deg (Supplementary, Figs S5 and S6)
covered respectively 13% and 18% of the fish checklists, but showed no geographical gradient.

In marine ecosystems, the latitudinal gradient in species coverage was less pronounced with several
primer pairs showing a steady decrease in coverage with decreasing latitude (Fig 3). Tropical fish
assemblages along the equator were less sequenced than northern temperate assemblages, but were
generally more sequenced than in negative latitude ecoregions towards the South Pole, as opposed to
freshwater systems. Only the 12S Bylemans primer, covering 13% of marine fishes, showed no

geographic pattern (Supplementary, Fig S6).
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Fig. 3. Global and latitudinal distributions of marine fish species richness (A, B), coverage of online genetic
database for the Miya primer targeting the 12S mitochondrial rDNA region (C, D), the Kocher primer targeting
the Cytochrome B mitochondrial rDNA region (E, F), the DiBattista primer targeting the 16S rDNA region (G,
H), and the Ward f2 primer targeting the COI mitochondrial region (I, J). The number of species along latitude
(B) is log scaled and obtained from the finest resolution, here by a 1° grid. Global latitudinal patterns of all
primer pairs are given in Supplementary, Fig S5 and S6, and the global distribution maps are reproducible
and interactive using the web application (https://shiny.cefe.cnrs.fr/GAPeDNA/). The displayed primers
represent the most used per genetic marker in fish eDNA studies (Tsuji et al., 2019).
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Genetic coverage of native vs. non-indigenous species
Environmental DNA can be used to track non-indigenous species in ecosystems. However, only the

primers located on the 12S and 16S had a mean species coverage superior to 50% for all 605 identified
non-indigenous freshwater fishes (Fig 4A). For the primers on the COl and Cytb, less than half of all non-
indigenous fishes were amplified and sequenced. Only two primers, both on the 16S, had a coverage
for more than 60% of non-indigenous species, while none had a coverage above 57% for the 12S
primers. However, these species still had an overall larger coverage in databases compared to native
species, the maximum for native species being 31% for a 16S marker and 15% or 19% for 12S and Cytb
markers, respectively.

For the marine fishes, we identified 196 species as non-indigenous in at least one region of the marine
realm, two times less than the 605 species identified in freshwater. However, global patterns of
coverage were similar (Fig 4B), albeit with a wider coverage of marine non-indigenous species compared
to their freshwater counterparts (maximum 12S coverage of 69% vs 57%). Overall, for both categories,
non-indigenous species were more sequenced than indigenous species, but 20% to 80% of fish species

remain to be sequenced depending on the genetic marker.
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Fig. 4. Percentage of species coverage (A) in marine systems for non-indigenous (196) and native species
(12,290) and (B) in freshwater for non-indigenous (605) and native species (14,348) depending on the
marker position. Each triangle represents a primer pair.

79



Genetic coverage of fish species with different IUCN conservation status

Most of freshwater fish species were not evaluated (Not Applicable status, NA, 45.9% of total) or Least
Concern (LC, 33.2%). However, 1,758 species (11.7%) were classified as threatened by including
Vulnerable (VU), ENdangered (EN) and CRitically endangered (CR) species) or Near Threatened (NT)

categories of the IUCN Red list (www.iucnredlist.org, Supplementary, Fig S2). The genetic database

coverage of fish species according to their IUCN status showed consistent patterns for all markers (Figs
5A and 5C). Species classified as Least Concern (LC) were always more represented in genetics databases
compared to non-evaluated (NA), data deficient species (DD) (Supplementary, Fig S3) or threatened
species (T & NT). Freshwater basins where the most threatened species remain to be sequenced using
the 12S Miya primer were mainly located around the equator with 79 species in the Congo basin and
63 species in the Mekong basin or in the Northern hemisphere with a maximum of 72 species in the
Mississippi basin (Fig 5B). These basins also host the highest number of threatened species,

independently of reference filling (Supplementary, Fig S4).
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Fig. 5. Percentage of coverage according to two IUCN categories: Least Concern (LC) or Threatened and Near-
Threated (NT) for all primer pairs and global gap in threatened species not sequenced illustrated for the Miya
12S primer in (A, B) marine systems and (C, D) freshwater systems. Each dot represents one primer pair. The
threatened category includes the categories Vulnerable (VU), Endangered (E) and CRitically endangered (CR).
The categories Not Applicable (NA) and Data Deficient (DD) were not represented. All the categories are
displayed on Supplementary, Fig S3.
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In marine environments, 3.5% of all species were classified under an IUCN red list status compared to
11.7% in freshwater systems (Supplementary, Fig S2), and around the same proportion of fishes were
unevaluated or data deficient (49% vs. 55% for freshwater). Genetic coverage was systematically higher
for threatened species compared to Least Concern (LC) species, albeit never exceeding 50% for any
primer or ecoregion (Fig 5). Species listed as LC consistently had a higher coverage than unevaluated or
data deficient species (Supplementary, Fig S3). Marine ecoregions hosting the most threatened species
remaining to be sequenced using the 12S Miya primer were also located around the equator,
particularly in the Caribbean with a maximum of 42 species in the Southwestern Caribbean ecoregion

or in the Eastern Coast of Africa with a maximum of 32 species in the Delagoa ecoregion (Fig 5D).

Discussion

Genetic markers and primers selection

eDNA is currently limited by the scarcity of species sequences available in online public genetic
databases. We provide here a spatialized global assessment of fish sequence coverage and gaps in
databases, using published eDNA primers and displayed on an online, semi-automated and flexible
application called GAPeDNA. Our study considers all existing markers and most primers capable of
theoretically amplifying fish species by in-silico PCR, regardless of their performance, avoiding a bias in
the choice of a genetic marker or primer. The marker and primer selection must be motivated by their
efficiency to detect the targeted taxa owing to their specificity and sensitivity. A general consensus is
emerging in fish eDNA studies toward the use of 12S primers (Collins et al., 2019; Weigand et al., 2019).
Primers located on the 12S mitochondrial region have been recognized as the best to specifically amplify
fishes, unlike COI primers which lack specificity, resulting in low fish detectability (Valentini et al., 2016).
Unfortunately, we show that the 12S still has a very low species completeness in genetic databases,
with strong spatial disparities. With the goal to sequence a maximum of species, it is crucial to reach a
consensus in the genetic marker selection to join efforts towards a globally coordinated sampling
strategy for this genetic marker. Once species gaps in the 12S sequences will be almost filled, it would
pave the way to install eDNA metabarcoding as a robust and standard monitoring and inventory tool,

capable of fish identification to the species level in every location.

Mapping species coverage gaps to improve eDNA monitoring
The global diversity of both freshwater and marine fishes is not well covered in public genetic databases.

Globally, we show a higher coverage around high latitude in the northern hemisphere consistent across
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the genetic markers and primers while tropical areas, which host more species, have more species gaps
in public sequence databases (Figs 2 and 3). For freshwater fishes, the genetic species coverage exhibits
a clear U-shaped pattern for almost all markers along the latitudinal diversity gradient (Hillebrand, 2004)
(Fig 2), with a minimum percentage of sequenced species around the equator. For marine fishes, species
coverage declines with declining latitude, and the minimum percentage of species sequenced is around
the low latitudes of the southern hemisphere where marine fish diversity is the lowest.

The location of the gaps may drive the future sampling efforts required to fill them. Tropical
environments are under-represented in public sequence databases and will require a costly, time
consuming and globally coordinated efforts to both describe and sequence the numerous species left
to be discovered, as well as sequence the numerous species already described (Juhel et al., 2020;
Pinheiro, Moreau, Daly, & Rocha, 2019). Environmental DNA is settling as an efficient inventory tool that
can overcome hurdles encountered when sampling in tropical ecosystems. In many large water bodies,
such as the Mekong or the Amazon, water turbidity prevents visual census leaving the eDNA the only
non-invasive monitoring method (Cilleros et al., 2019; Yamamoto et al., 2017). The need to fill species
gaps is urgent in these environments since they are experiencing major turnover in species identities
with unknown consequences on ecosystem functioning and resilience (Magurran et al., 2018).

Tropical marine ecosystems are biodiversity hotspots, particularly the Coral Triangle (Barlow et al., 2018;
Myers, Mittermeier, Mittermeier, Da Fonseca, & Kent, 2000). Tropical countries also tend to have a high
dependency to fish resources (Andrello et al., 2017; Barange et al., 2014), stressing the importance of
securing a sustainable exploitation of fish which requires monitoring assessments and correct
evaluations of biodiversity since these both aspects are intimately linked (Duffy, Lefcheck, Stuart-Smith,
Navarrete, & Edgar, 2016; Lefcheck et al., 2019). For instance, crypto-benthic fishes (<5cm) have been
recently shown to contribute massively to coral reef functioning (Brandl 2019), particularly by feeding
fish consumed by humans, but they are still poorly inventoried. Tropical countries are also projected to
undergo among the most severe environmental impacts related to human population expansion and
climate change (Barlow et al., 2018), highlighting the importance of conducting ecological studies and
setting appropriate conservation programs. For instance, mesophotic reefs (30-150 meters depth) are
still poorly known while they potentially host very different species assemblages that can be also
affected by climate change (Lesser, Slattery, Laverick, Macartney, & Bridge, 2019; Rocha, Pinheiro,
Shepherd, & Papastamatiou, 2018). Their exploration will require new eDNA-based protocols (fish
sampling for reference database and water filtering) that must complement visual surveys that remain
limited at this depth. Yet, there is a clear publication bias with the most diverse ecosystems being the
least studied in ecology (Hickisch, Hodgetts, Macdonald, & Tockner, 2019). So, the efforts to achieve

genetic database completeness are massive but necessary in such highly diverse environments in order
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to tackle major conservation challenges like the protection of vulnerable but still poorly described

biodiversity.

Environmental DNA metabarcoding to monitor non-indigenous species

Among the numerous threats that all aguatic environments are currently facing lies non-indigenous
species, which have the potential to disrupt entire ecosystems when declared as invasive (Albins &
Hixon, 2013; Bax, Williamson, Aguero, Gonzalez, & Geeves, 2003; Clavero & Garcia-Berthou, 2005). For
example, the Nile perch (Lates nicotilus), introduced in the 1950s in the Lake Victoria, drove around half
of the hundreds of native Cichlids fish species to extinction through predation and competition (McGee
etal., 2015; Witte et al., 1992). As traditional methods struggle to detect those species at an early stage
of installation, eDNA offers an important potential for early detection below the traditional detection
threshold (Dougherty et al.,, 2016; Hunter et al.,, 2015). Yet, a successful detection of species
introduction relies on database completeness for those species. We show that, even among fish species
identified as non-indigenous in freshwater ecosystems, up to 30% are currently missing in the best
curated 16S database (Fig 4). For the genetic marker 12S, a maximum of 55% of non-indigenous species
are sequenced per basin, twice as much as native species. It was expected that more non-indigenous
species would be genetically referenced compared to native ones since referencing species occurrence
outside their native range necessarily assumes their observation, and a large proportion of introductions
being intentional for recreational fishing (Leprieur, Beauchard, Blanchet, Oberdorff, & Brosse, 2008),
making tissue for genetic sequencing easily available. We highlight here that despite a higher coverage
for non-indigenous species (Fig 4), the potential of eDNA to detect invasion events and provide early
warning signals is still limited while crucial for mitigating deleterious effects (Vander Zanden, Hansen,

Higgins, & Kornis, 2010).

Sequencing threatened species to support their monitoring

Environmental DNA has a great potential in biodiversity conservation, addressing the constraints of
detecting elusive or low-abundant species missed by traditional surveys. The proportions of threatened
species estimated by the IUCN Red List (11% of freshwater and 3% of marine fishes) are likely
underestimated since 48% of fish species are unevaluated while 7 to 9% are Data Deficient
(Supplementary, Fig S2). Although the fate of Data Deficient species remains largely unexplored, they
form the category with the least coverage in public genetic databases and are estimated to hide a large
proportion of already threatened species (Bland, Collen, Orme, & Bielby, 2015). Even among threatened
species, less than 50% have referenced sequences across all genetic markers, and surprisingly their
coverage is lower than Least Concern species for freshwater fishes. This can be due to the high number

of threatened freshwater fishes, mainly located in hard-to-explore tropical regions (Collen et al., 2014).
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Most threatened freshwater fishes live in large tropical basins such as the Congo, the Mekong or the
Amazon (Fig 5). However, the Mississippi basin, although located in a well-developed and science-
leading country, the USA, where conservation measures and monitoring programs are well established,
hosts 72 threatened species that are not sequenced for a 12S primer. So, efforts to complement genetic
reference databases must be widespread and are not only related to the level of species richness or

economic development, as often assumed.

Interactive online application to support eDNA metabarcoding studies

We developed the user-friendly web-app interface GAPeDNA to synthetize this large amount of
information and make it easily accessible, even without any coding skills. It allows users to select a
taxonomic group (at the moment, only freshwater and marine fish are available), the spatial unit or
area, the genetic markers of interest and the corresponding primers to evaluate their global spatialized
species coverage in public genetic databases, and have access to the corresponding list of species per
spatial unit and status (IUCN). This permits the assessment of species remaining to be sequenced for a
given spatial zone, and set priorities for sequencing. Although this study is focused on fish as an example,
any new taxa can be added to GAPeDNA, providing necessary information are given: 1) primers suited
for metabarcoding and 2) global spatialized species checklists. This can thus expand the reach and
potential of this tool within the metabarcoding scientific community and managers using eDNA for
ecological surveys.

As the adoption of eDNA metabarcoding as a standard and robust monitoring approach worldwide
depends on its ability to identify organisms at the species level, we hope that our tool and its potential
as demonstrated by the fish example included here will encourage researchers, managers, foundations
and institutions to work towards a join effort for a global sequencing effort targeting taxa of interest to

enhance eDNA metabarcoding inventories.
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1. Préface

Le chapitre précédent a montré que la couverture des bases de références poissons est faible
sur la majorité des marqueurs génétiques. Sur le géne 12S, reconnu comme le plus approprié pour les
études en metabarcoding (Zhang et al. 2020b), la couverture mondiale n’excéde pas 15% (sauf pour le
marqueur 12S MiFish qui atteint environ 28% avec sa base de données interne). Cette couverture
globale cache de fortes disparités spatiales avec une couverture taxonomique des écosystemes
tropicaux (faibles latitudes) et polaires (hautes latitudes) généralement plus faible que celle des milieux

tempérés.

Ces chiffres montrent I'ampleur du travail a réaliser avant d’atteindre une complétude totale
des bases de référence, ce qui est peu réaliste a court terme. Il est toutefois indispensable d’exploiter
les données issues du metabarcoding de I’ADNe dés maintenant, en allant plus loin que la quantification
de clades issues d’assignations taxonomiques parcellaires. Les études en microbiologie, qui sont
pionnieres dans 'utilisation des technologies de séquencage a base d’échantillons environnementaux,
travaillent majoritairement sans assignation en utilisant des unités taxonomiques moléculaires (MOTUs)
en tant que substitut des espéces. Toutefois, la transposition des outils de microbiologie pour le
traitement de données ADNe ciblant les métazoaires reste incertaine tant les différences entre les
marqueurs génétiques, taxons et méthodes sont fortes. En particulier, il est important de montrer que
les estimations de MOTUs sont réalistes et fiables par rapport a la diversité en espéeces réellement
présentes dans |'écosystéme. En effet |'utilisation de MOTUs pourrait générer une forte surestimation

de richesse due aux nombreuses erreurs générées au cours du traitement moléculaire des données.

Ce chapitre vise a (i) proposer un traitement bio-informatique utilisant un algorithme de
clustering de séquences d’ADNe de poissons ainsi que des seuils de qualité générant des MOTUs et (ii)
tester si cette diversité en MOTUs est fiable par rapport a la diversité réelle in situ a trois échelles

spatiales : alpha (locale), gamma (régionale) et beta (inter-site).

Les résultats révelent qu’un traitement bio-informatique combinant I'algorithme de clustering
SWARM, celui de post-clustering LULU avec le marqueur 12S teleo, et des filtres de qualité séveres
(minimum 10 lectures par MOTUs, présence dans un au moins 2 PCR) peut estimer la diversité en
poissons du Rhdne de fagon fiable. Ces estimations de diversité en utilisant ces substituts moléculaires
sont fiables a trois niveaux de partitionnement de la diversité : alpha, la richesse locale estimée en

MOQOTUs est proche de la diversité réelle en espéces (R = 0.98), gamma, la richesse régionale ou le
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nombre de MOTUs est proche du nombre réel d’espéces (67 MOTUs pour 63 espéces présentes) mais
également beta, la différence de richesse inter-site qui est correctement estimée (R = 0.98). Ce travail
ouvre la voie a I'estimation de la diversité en espéces dans les écosystemes a partir d’échantillons

d’ADNe méme en I'absence de base de référence compléte.

2. Manuscrit B
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Introduction

In the new era of the Anthropocene, most ecosystems
are experiencing severe human impacts and environmen-
tal changes with major consequences on species diversity
(McCauley et al. 2015, Hughes et al. 2017, Isbell et al.
2019). Nevertheless, the ongoing reorganization of bio-
diversity is still poorly quantified and understood (but see
Blowes et al. 2019) for two major reasons. First, the losses
or gains of species are scale dependent with complex results
emerging at the local or regional spatial scale (Vellend et al.
2013, Dornelas et al. 2014). For instance, several stud-
ies show that local species diversity is on average constant
over time (Dornelas et al. 2014, Magurran et al. 2018), even
under human impacts, while other studies report alarm-
ing species losses regionally or globally (Galetti et al. 2014,
Doherty et al. 2016, Finderup Nielsen et al. 2019). Thus,
any biodiversity monitoring should be spatially explicit
(McGill et al. 2015) with three major components 1) local or
a-diversity for the number of species within a given site, 2)
spatial variation or B-diversity in species composition among
sites and 3) regional or y-diversity for the number of spe-
cies within a geographical area containing all sites (Whittaker
1972). Second, biases and gaps in biodiversity inventories
prevent accurate and comparable assessments across space
and time (Hortal et al. 2015). This is particularly problem-
atic when species are rare, small, cryptic or elusive or when
ecosystems are either species-rich like in the tropics or hardly
accessible like the deep sea (Mora et al. 2008, Menegotto and
Rangel 2018). Hence, there is an urgent need for standard-
ized and accurate biodiversity monitoring methods across
spatial scales allowing reliable inter-study comparisons.

The metabarcoding of environmental DNA (eDNA)
has the potential to fill this gap as it has been shown to
surpass most traditional methods in species detection for
both terrestrial and aquatic ecosystems (Bohmann et al.
2014, Valentini et al. 2016, Ruppert et al. 2019, Sales et al.
2020). Indeed, all organisms shed cells containing DNA in
their environment, as intra or extra-cellular material, and
can be retrieved for up to a few days (Dejean et al. 2011,
Collins et al. 2018, Harrison et al. 2019). Amplification and
high-throughput eDNA sequencing followed by bioinfor-
matic analyses produce a list of sequences with the ultimate
goal to assess species composition in a given site. This bioin-
formatic step requires the completeness of a reference data-
base, i.e. a list of sequences attached to each species in the
regional pool, to accurately assign each eDNA sequence to
a given species. Yet, reference databases are often incomplete
(Weigand et al. 2019). An estimated 91% of eukaryotic spe-
cies inhabiting the ocean are yet to be described (Mora et al.
2011a) while only 13% of all described Teleostean fish species
are referenced in public reference databases like the European
Nucleotide Archive (ENA) (Leinonen et al. 2011) for the
128 ribosomal DNA fragment amplified by the teleo primers
(Valentini et al. 2016), limiting the extent of species diversity
revealed by eDNA metabarcoding.

Currently, completing reference databases would require
massive sampling and sequencing efforts since many species

still remain undiscovered due to their intrinsic nature (rare,
small or elusive) or their unexplored habitat (e.g. deep sea)
(Menegotto and Rangel 2018). Moreover, polymerase chain
reaction (PCR) and sequencing generate numerous errors,
overestimating the true number of species by several orders
of magnitude (Edgar and Flyvbjerg 2015, Flynn et al. 2015).
Thus, accurate methods able to assess biodiversity without
complete reference databases while considering PCR and
sequencing errors are urgently needed.

The microbial field pioneered methodological advances
to infer biological diversity without a complete reference
by clustering similar sequences into molecular operational
taxonomic units (MOTUs) (Huse et al. 2010). However,
these approaches focus mainly on fungi or unicellular organ-
isms where the concept of species remains challenging
(Pawlowski et al. 2018, Llad6 Ferndndez et al. 2019). Even
if clustering-based analyses are increasingly used in eDNA
studies targeting vertebrates (Andruszkiewicz et al. 2017,
Bakker etal. 2017, Closek et al. 2019, Sales et al. 2019), using
the diversity of MOT'Us as a reliable proxy for species diver-
sity has yet not been evaluated. For instance, Closek et al.
(2019) reported a large overestimation with more than 1300
MOTUs for 92 fish taxa only in the Californian Current
upwelling ecosystem. The extent to which the metabarcoding
of vertebrate eDNA can provide a reliable blind estimation of
species diversity across spatial scales is unknown.

Here we evaluate how clusters of vertebrate eDNA
sequences can predict species diversity across spatial scales.
More precisely, we quantify how MOTUs can accurately pre-
dictlocal (@) and regional (y) species diversity but also compo-
sition species dissimilarity between samples (B-diversity). For
this, we focused on teleost fishes which are highly vulnerable
to anthropogenic threats (Mora et al. 2011b) and represent
the main group of vertebrates studied with e DNA (Tsuji et al.
2019). First, we highlight the geographic and taxonomic gaps
in the reference database for the 128 mtDNA fragment, which
is known to perform well with the teleo primer (Collins et al.
2019) designed by Valentini et al. (2016). Then, we assemble
a metabarcoding bioinformatic pipeline based on sequence
clustering using SWARM (Mahé et al. 2015), post-cluster-
ing using LULU (Freslev et al. 2017) and stringent quality
filters to analyze eDNA sequences from 196 samples along
500km of the Rhone river (France). From the composition
of MOTUs in each sample, we estimate o-, - and y-diversity
and compare them to their analogs obtained with ground-
truth assignment of all sequences using the complete refer-
ence database without clustering. Finally, we discuss strengths
and weaknesses of this approach based on eDNA sequence
clustering to assess taxonomic diversity across spatial scales,
even when lacking exhaustive reference databases.

Material and methods
Global taxonomic and spatial gap analysis for fish

Recent fish metabarcoding studies indicate that primers
located on the 12S ribosomal rRNA locus (12S rDNA)
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perform better (i.e. detect more species, with less bias and
more specific amplification) than primers based on alterna-
tives loci (Ribosomal locus 168, the cytochrome ¢ oxidase
I gene (COI)) (Collins et al. 2019, Weigand et al. 2019).
Although the COI gene and associated primers might cover a
larger proportion of fish species in the reference database and
have a higher interspecific variability, their lack of suitable
conserved region complicates the definition of taxa-specific
primers. COI primers exhibit a clear lack of consistency across
replicates, have a low specificity leading to a low amplifica-
tion of target organisms with often less than 5% of cleaned
reads assigned to fish (Collins et al. 2019) resulting in a low
detectability power (Deagle et al. 2014, Bylemans et al. 2018,
Collins et al. 2019). Among the fish eDNA 12S markers, we
selected the teleo marker (forward primer-ACACCGCCC-
GTCACTCT, reverse primer-CTTCCGGTACACTTAC-
CATG) (Valentini et al. 2016) given its high ability to detect
fish species even in highly diverse ecosystems (Civade et al.
2016, Valentini et al. 2016, Bylemans et al. 2018, Pont et al.
2018, Cantera et al. 2019, Cilleros et al. 2019).

We first assessed the global taxonomic coverage of the
teleo primers by performing in silico PCR using ecoPCR
(Boyer et al. 2016) on the entire public database ENA
(Leinonen et al. 2011) (release 138, January 2019). To build
our reference database, we allowed a maximum of three mis-
matches and compared the results with the complete fish
taxonomy from FishBase (Froese and Pauly 2019). For the
spatial analysis, we extracted freshwater fish checklists of all
drainage basins from the most recent and comprehensive
data at the global scale (Tedesco et al. 2017), covering about
80% of inland waters. We obtained marine checklists from
OBIS (OBIS Ocean Biogeographic Information System) at
1° resolution (Albouy et al. 2019), and used them to esti-
mate fish composition within marine ecoregions globally

(Spalding et al. 2007).

eDNA sampling and sequencing

We downloaded the sequence data from a previous study by
Pont et al. (2018). The complete dataset encompasses 196
eDNA samples collected along 500km of the Rhone River
(France, Supplementary material Appendix 1 Fig. Al), cor-
responding to 103 distinct sites with field replicates (between
1 and 4 samples per site) in 2016. Among those, the origi-
nal study used only 118 samples corresponding to 59 sites,
but all samples were collected and processed in parallel. For
each sample, 301 of freshwater water were filtered, extracted,
amplified and sequenced (Pont et al. 2018).

Clustering methods

Accurately delineating ‘true’ biological sequences from PCR
and sequencing noise has been an ongoing challenge since
the emergence of next generation sequencing (NGS) tech-
nologies. Clustering sequences into molecular operational
taxonomic units (MOTUs) or defining exact sequence
variants (ESVs) as proxies for species is a common practice

in the prokaryote microbial field but also to study unicel-
lular eukaryotes or fungi (Huse et al. 2010, Schmidt et al.
2013, Zimmermann et al. 2015, Callahan et al. 2017) and
more recently eDNA of vertebrates (Closek et al. 2019,
Sales et al. 2019).

While clustering has been historically limited to the cre-
ation of MOTUs based on a fixed similarity threshold, usu-
ally 97% (Stackebrandt and Goebel 2008, Edgar 2018), it
poorly generalizes across markers or biological models (Edgar
and Flyvbjerg 2015, Mahé et al. 2015, Nguyen et al. 2015,
Callahan et al. 2017). As an alternative, new methods gen-
erate either ESV like the divisive amplicon denoising algo-
rithm (DADAZ2) (Callahan et al. 2016) or MOTUs from de
novo clustering algorithms based on sequence distribution
and abundance to correct errors, like SWARM (Mahé et al.
2015). SWARM is an agglomerative unsupervised de novo
single-linkage-clustering algorithm, building networks to
define MOTUs based on sequence proximity and relative
abundance (Mahé et al. 2015). While a threshold-based algo-
rithm simply groups sequences together according to a fixed
value, SWARM forms chains linking sequences based on
their similarity and analyses the pattern to optimally break
the network and delineate MOTUs (Mahé et al. 2014, 2015).
So, the ‘true’ sequence is expected to be the most abundant
while less abundant but close sequences are considered as
erroneous as they are more likely to accumulate errors. This
process avoids the dependence on a fixed value, which is not
recommended in eDNA metabarcoding with short barcodes
where only one mismatch can imply a different species
(Miya et al. 2015).

Pipelines workflow

We based our analysis on two different pipelines: one where
each unique sequence is independently assigned to a given
species (called the Species pipeline) and the other one which
clusters sequences into MOTUs using the SWARM algo-
rithm (called the MOTU pipeline). In the Species pipeline,
a complete reference database is required to assign a taxa to
each sequence. In the MOTU pipeline, each MOTU also
requires a taxonomic assignment but the completeness of the
reference database is not required, as a partially complete ref-
erence database is sufficient to exclude MOTUs representing
non-specific amplification, in our case, all non-fish taxa.
First, pre-processing steps were common for both pipe-
lines (Fig. 1). Reads were assembled using VSEARCH
(Rognes et al. 2016), demultiplexed at the PCR replicate
level and primers trimmed using CUTADAPT (Martin
2011) adapted from an existing metabarcoding pipeline
(<https://github.com/frederic-mahe/swarm/wiki/Fred’s-
metabarcoding-pipeline>). No mismatches were allowed in
tags for demultiplexing while sequences containing ambigu-
ous nucleotides were discarded. Two additional steps were
applied in the pre-processing for the MOTU pipeline. First
unsupervised clustering was performed with SWARM, using
a minimum distance of one nucleotide between each MOTU
(d=1), as one mismatch can separate two distinct species with
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our primer. Taxonomic assignments of all unique sequences
or MOTUs were then performed by ecotag, a lowest common
ancestor (LCA) algorithm from the Obitools toolkit rely-
ing on the National Center for Biotechnology Information
(NCBI) phylogeny tree (Boyer et al. 2016). Then, a set of
custom and already published thresholds were applied on
unique sequences for both the Species and MOTU pipelines
(Fig. 1) (Valentini et al. 2016). All sequences or MOTUs
with less than 10 reads, too short (< 20bp), too long (>
75bp) (Valentini et al. 2016) or not assigned to a fish phylum
were discarded.

Each site usually has 2 samples as field replicates (except
for 13 sites where the number of samples ranges from 1 to
4), and each sample has 12 PCR replicates, so most sites are
represented by 24 individual PCRs (range: 12-48 PCRs rep-
licates). For each site, we discarded all MOTUs or sequences
present in only one PCR replicate (Civade et al. 2016). To
avoid tag-jump noise (Schnell et al. 2015), all sequences with
an abundance frequency of less than 0.001 per taxon/MOTU
and per library were discarded. For the MOT'U pipeline only,
we then used the LULU algorithm (Freslev et al. 2017) to
clean MOTUs identified as erroneous based on sequence
identity between MOTUs, abundances and patterns of
co-occurrence. We used the blastn command line with the
megablast algorithm to create the file matching all pairwise
MOTUs to infer their similarity percentage. Then, to apply
LULU, we used the 84% identity threshold (Freslev et al.
2017) but also ran a sensitivity analysis with changes in the
main parameters, i.e. the cross influence of identity threshold
percentage and co-occurrence percentage (Supplementary

material Appendix 1 Fig. A3).

Taxonomic assignments

For both pipelines, taxa assignments were performed on
both our local database, exhaustive for resident species of
the regional pool, and ENA (release 138, January 2019).
For the Species pipeline, associating the local database with
ENA (Leinonen et al. 2011) detected 24 extra species, among
which 12 matches at 98% to our local database but at 100%
in a public database to a foreign species (Supplementary
material Appendix 1 Table Al). Those foreign species were
unlikely to be present in the river, and most likely resulted
from PCR or sequencing errors of local species randomly
matching with foreign species. To avoid artificially inflating
regional diversity from incorrect assignments, we only con-
sidered ENA assignments when our local database performed
poorly (< 98% similarity). Among the 12 remaining species
detected only by ENA and matching at < 98% to our local
database, all were marine species from the Mediterranean Sea
but 11 have records indicating a tolerance for brackish water
while 6 were clearly known to enter estuaries (Supplementary
material Appendix 1 Table A2). Most of those were also com-
monly consumed by humans, and DNA could have been
transported into the river from sewage waters. Those extra
species were hence kept for further analyses as they were

unlikely to be errors generated at the PCR or sequencing step
and they unlikely represent a methodological artefact.

Before analysis, assignments from ecotag were corrected
to be more stringent as the algorithm can sometimes vali-
date genus or family-level assignments to sequences with low
similarity, which we chose to not trust blindly. This is due to
the functioning of the ecotag algorithm (Boyer et al. 2016)
and can happen in clades with a low species coverage in the
reference database. We decided to add a level of standard-
ization and only validate assignments at the species level for
sequences matching at > 98% similarity, at 96-98% for the
genus level, at 90-96% for the family level and at less than
90% similarity for the order or higher level for all sequences
matching following a pilot study on phylogenetic signal for
this marker (Supplementary material Appendix 1 Fig. A2).

Controlling taxonomic redundancy

When a sequence has a low percentage of similarity (< 98%),
it can correspond to 1) a species absent from databases, 2)
noise from PCR/sequencing errors from actual sequenced
species or 3) rare but strong intra-specific variation at this
non-coding locus which is prone to rapid mutations or
insertions (Leinonen et al. 2011, Valentini et al. 2016). A
common NGS metabarcoding issue is that for one species
sequence matching at 100%, it can generate several noise
variants matching at less than 100% (Freslev et al. 2017).
Hence, when counting the total number of taxa to infer the
level of diversity, there is always a clear overestimation. For
example, one Salmo trutta sequence with 100% similarity to a
reference database would likely be accompanied by sequences
matching at 97%, assigned at the Sa/mo genus and 95%
assigned at the Salmonidae family. Where one species is pres-
ent, the total taxa count can be three. To correct the number
of taxa while being conservative, we created an estimated spe-
cies count based on taxonomic correction for redundancy. A
genus, family or order assignment can only be kept if there is
no species already belonging to that rank, otherwise it would
be more likely to be an error since the genetic databases are
exhaustive for local resident species, the rest representing only
a minority of rare sequences.

To evaluate the performance of LULU in the MOTU
pipeline, we grouped taxa following this logic up to the
family level. If a MOTU is assigned to a family for which a
species representative is also detected, we assumed an error
for this species and taxonomic redundancy. If a MOTU is
assigned to an order only, it was not considered to represent
an additional species.

Diversity comparison across scales

To assess the performance of our MOTU-based approach we
calculated regional (y) diversity, local (&) or sample diversity
and dissimilarity between samples () with each pipeline. For
the Species pipeline we retained all sequences matching at
> 98% similarity cleaned for taxonomic redundancy to
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count the number of distinct species. For the MOTU pipe-
line, we retained all MOTUs assigned to a fish taxa regardless
of their similarity percentage. We used the software R ver.
3.6, where sample or a-diversity was computed as richness,
i.e. plain species count. p diversity was computed using the
Sorensen index, with the beta.temp and beta.multi functions
from betapart package (Baselga and Orme 2012). A low value
of dissimilarity between samples indicates similar communi-
ties, on a scale from 0 (identical) to 1 (totally dissimilar so no
species or MOTU is common). We used the Mantel correla-
tion test for pairwise sample comparisons.

Results

Global gaps in fish reference databases

Our analysis reveals that only 4243 out of 33 124 teleos-
tean fish species (13%) are sequenced in the region ampli-
fied using the teleo primers, for both marine and freshwater
environments (Fig. 2a). At higher taxonomic rank, we show
that 38% of genera have at least one representative species
sequenced for the 125 on the teleo fragment, this percent-
age reaching up to 80% for families. Next, we highlight a
strong spatial heterogeneity between marine and freshwater
environments but also among freshwater basins and marine
ecoregions (Fig. 2b—c). For freshwater ecosystems, the pro-
portion of fish species being referenced for the 12§ fragment
ranges from 0 to 100%, with tropical basins having an overall
lower coverage than their temperate counterparts, except for
Oceania where the proportion of sequenced species is among
the highest. South America and Africa have by far the lowest
coverage among all continents. For marine ecosystems, dis-
parities are less pronounced but coverage varies between 10
and 53%. Ecoregions in Europe and Northern America have
the highest coverage whereas tropical and southern ecore-
gions are the least covered.

y-diversity assessment after filtering and clustering
processes

In the 196 samples along the Rhone river, we obtain
60 689 053 reads of 299 225 distinct sequences with a mean
of 309 617 reads per sample prior to any filtering (Table 1).
First, we analyzed the eDNA metabarcoding data with the
complete reference database (local database and ENA com-
bined) with the Species pipeline (Fig. 1). We detect a total of
63 fish species (Table 1). Our new assembled MOTU pipe-
line applied on the same raw dataset identifies 67 MOTUs
out of which 61 (91%) could be subsequently identified at
the species level, i.e. matching at least at 98% of similarity
with a species in the reference database.

We find that 98% of unique sequences and 96% of unique
MOTUs correspond to either low abundant (< 10 reads) or
non-fish species, so represent artefacts, noise or unspecific
amplifications (Table 1), while only accounting for 12.5%
and 4.4% of total reads, respectively. Sequence length

filtering has a low influence, removing only 1 MOTU and no
species. While removing only 0.004% of the total read count,
our PCR filter removing all reads found in only one PCR
replicate per site eliminates 45 MOTUs assigned to species
(from 108 to 63) among which only 4 are possibly resident
to the area (Supplementary material Appendix 1 Table A3).
All other eliminated taxa are absent in the river and likely
result from errors, contaminations from sewage waters or
methodological artefacts. This PCR replicate filter also dis-
cards more than half of the detected MOTUs (86 out of 189,
Table 1) representing mainly taxonomic redundancy and
low-quality reads.

Following the PCR replicate filtering step, only 50 out
of 86 MOTUs are represented by one taxon (Fig. 3), reveal-
ing ecither redundancy, with several MOTUs corresponding
to the same taxa, or a lack of identification at the species
level for the 36 remaining MOTUs. The application of
LULU decreases the total number of MOTUs from 86 to
67 (Fig. 3). In particular, the number of taxa represented by
more than 1 MOTU decreases from 15 (up to 6 MOTUs per
taxa) to 8 after cleaning with LULU. Following this step, the
lost MOTU representing a real taxa corresponds to a com-
plex of two cyprinid fish species (Ctenopharyngodon idella and
Hypophthalmichthys molitrix) for which teleo marker is not
resolutive at the species level.

Finally, the regional pool (y-diversity) of our fish Rhone
dataset is comprised of 67 MOTUs among which 61 can
be assigned to a species with 98% similarity while the
ground-truth value is 63 fish species using the Species pipe-
line (Table 1).

Estimates of o and B species diversity using MOTUs

For each sample, we calculated the local (a-) diver-
sity obtained by each pipeline so in terms of species and
MOTUs. Overall the correlation between the number of
MOTUs and the number of species is high and significant
(r=0.98; p<0.001; Fig. 4a). The mean difference in local
diversity across samples between the two pipelines is of 1.02
(SD = 1.5) with the MOTU-based approach underestimating
true a-diversity. The maximum difference in local diversity is
5 (Fig. 4a), meaning that for one sample five less MOT Us are
detected compared to the number of species identified with
the reference database.

Since a similar value of a-diversity detected by the two
pipelines does not necessary imply the same community com-
position, we performed a dissimilarity analysis (B-diversity)
between samples pairs for both methods using the Sorensen
index. We detect a high and significant correlation (r=0.98,
p<0.001, Fig. 4b) between pairwise sample dissimilarity esti-
mated with the Species and MOTU pipelines. We highlight
no over or underestimation of dissimilarity by one pipeline
compared to the other. Overall, the MOTU pipeline gener-
ates lower dissimilarity for 71% of pairs of samples compared
to the Species pipeline but in 95% of all cases, the inferred
level of dissimilarity has less than 0.1 difference between the
two pipelines.
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Figure 2. Percentage of sequenced freshwater and marine fish species using the teleo primer per taxonomic level (a), per freshwater basin (b)

and per marine ecoregion (c).

Discussion

While eDNA metabarcoding represents a promising
tool for scaling-up biodiversity inventories (Berry et al.
2019, Ruppert et al. 2019), its strong dependence on
genetic reference databases limits its application in many

regions of the world, as well as for some taxonomic groups
or some habitats (Weigand et al. 2019). Indeed, even
diverse yet well-studied ecosystems such as coral reefs do
not have exhaustive genetic references for most lineages
and the majority of commonly used primers in eDNA
metabarcoding (DiBattista et al. 2017, West et al. 2020).
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Table 1. Numbers (#) of reads, sequences, species and MOTUs identified and retained at each step of our Species or MOTUs pipelines (Fig.
1) with # Species representing the number of taxa corrected for taxonomic redundancy (see Methods). Details for each step are presented

in Methods and Fig. 1.

Species pipeline MOTU pipeline
Steps # Reads # Sequences # Species # Reads # MOTUs
No filter 60 689 053 299 225 399 60 684 944 5375
> 10 reads 55 655 419 7819 227 60 593 926 568
Fish taxa 53253228 6424 108 57988 700 190
Length filter 53253170 6422 108 57 988 623 189
> 1 PCR/site 53 021739 6121 63 57 759 482 86
LULU - - - 57 736 566 67

Some reference-free tools exist, but their application
remains mostly limited to unicellular or fungi organisms,
with different aims and constraints compared to eDNA
studies targeting vertebrates. Moreover, such tools do not
provide plausible diversity levels for most applications on
vertebrate e DNA (Andruszkiewicz et al. 2017, Closek et al.
2019, Siegenthaler et al. 2019). Further, a proper testing
of whether those approaches provide reliable diversity
estimates is lacking (Pedrés-Alié 2006, Huse et al. 2010,
Lladé Ferndndez et al. 2019) beyond controlled mock
communities (Freslev et al. 2017, Alberdi et al. 2018).
In our study, we assembled a set of bioinformatic tools
to generate fish MOTUs and assess the level of diversity
across spatial scales based on the use of eDNA metabar-
coding, using a well-known river system as a case study.

We show that, at the regional level, our MOTU-based
pipeline provides a comparable estimate of species diversity
with 67 MOTUs when 63 species are detected. However,
some MOTUs represent either errors or unreferenced spe-
cies, and 8 species remain undetected due to clustering and
stringent filtering. Such weakness arises as many species have
close sequences to each other and co-occur. So, it remains
impossible for any algorithm to distinguish close species
from errors. This dilemma — distinguishing rare MOTUs
from errors — is inherent to clustering techniques (Huse et al.
2010, Freslev et al. 2017, Pawlowski et al. 2018). Despite
numerous attempts to solve this issue, there is still a trade-off
between allowing false positives and creating false negatives
(Reeder and Knight 2009). Among the MOTUs representing
taxonomic redundancy, at least 3 taxa (Gobio gobio, Alosa sp.,
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Phoxinus phoxinus) are known to hybridize (Alexandrino et al.
20006) or are under taxonomic revision with the potential
existence of multiple species displaying genetic variations
(Kottelat and Persat 2005, Collin and Fumagalli 2011) while
for one species (Dicentrarchus labrax), genetic public data-
bases (Sayers et al. 2019) highlight a marked intra-specific
variability.

Sequencing and PCR errors are common in metabarcod-
ing datasets (Siegwald et al. 2017), but as eDNA barcodes
are usually short to enhance detectability (Bohmann et al.
2014, Deiner et al. 2017), one mismatch generated ran-
domly can easily correspond to a distinct but closely related
species. This poses the risk of false-positive detection, like in
the present study, where several foreign species were detected
(Supplementary material Appendix 1 Table A2). Yet, none
of the false positive species detected with the Species pipe-
line were retained as a MOTU after the clustering process,
highlighting the strength of our clustering approach to
clean false positive errors when they likely arise from PCR
and sequencing errors. When using a classical metabarcod-
ing pipeline without a stringent cleaning or clustering step
to infer diversity from short sequences, those false positive
species might remain in the global pool of detected species
which would require special care to flag and exclude such
errors (i.e. manual alignment of sequences and verification of

species geographical distribution). We also show the extent to
which SWARM is able to assign the correct sequence as the
representative of each MOTU, since 61 (out of 67) MOTUs
perfectly match to a species from the reference database. Our
results stress the importance to combine post-clustering fil-
ters based on PCR replicates and a cleaning algorithm to
remove spurious MOTUs.

Since our MOTU-based pipeline slightly overestimates
regional diversity with 67 MOTUs obtained compared to 63
species identified, a key question is how it can impact local
diversity assessment. We found a slight tendency for MOTUs
to underestimate species richness, with less than 2 MOTUs
of difference compared to the number of species for most
samples. The underestimation of diversity stemming from
missed species (8 species so 13% of the regional pool) is not
totally compensated by the overestimation caused by taxo-
nomic redundancy in the regional pool. Further, no outliers
were identified over all 196 samples. We also show that most
of mentioned pitfalls do not impact patterns of dissimilaricy
at the community scale, as results are similar whether they
are based on blind MOTUs or species identification. In sum-
mary, the assessment of local diversity is nearly not impacted
by the absence of a complete reference database, both esti-
mates are highly correlated (98%) with a mean difference of
one species between pipelines.
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While these results are valid using the teleo marker (128
tDNA, -60 bp long), we could not validate our pipeline using
other primer sets due to time and financial constraints. This
pipeline can still be applied to other markers, but it would
require a marker with a similar level of taxonomic specificity
and limited intra-specific variation, to avoid an over-estima-
tion of taxonomic diversity due to haplotype diversity. An
application with another primer would require more inves-
tigation to test if threshold adjustments are necessary to
match its specificities (i.e. PCR replicates number, minimum
number of reads, LULU parameters, minimum distance in
SWARM clustering). We suggest the design of a small pilot
study in a well-known system to validate its blind predictive
power before larger-scale applications.

We show that our approach using MOT Us delivers robust
estimates of species diversity at the three geographic scales,
unlocking new potential for biodiversity monitoring through
eDNA. With more than 75% of fish families potentially
detectable, our approach can go beyond the simple delinea-
tion of sequences within clusters when further assigning tax-
onomy to our MOTUs. In particular, the use of assignment
algorithms such as the Lowest Common Ancestor (LCA)
algorithm (Boyer et al. 2016, Gao et al. 2017) is well suited
for taxonomic assignment in eDNA studies with incom-
plete reference database. We can then estimate the potential
number of species per family when the sequence coverage
within families is sufficient for such assessment. While a fam-
ily assignment has limitations, ecological characteristics are
generally well conserved for species within a given family
(Brandl et al. 2018) and allow relevant metrics of ecologi-
cal analyses to be computed at this scale. As the minimum
coverage within family necessary for robust detection using
LCA is likely to vary across taxa and goes beyond the scope
of this study, a complete coverage is not requested and our
approach can provide an accurate estimate of species diver-
sity within family for ecological studies. Yet, we highlight
some limitations when it comes to conservation policies for
which unnamed MOTUs will not be satisfying. As conserva-
tion programs usually focus on few taxa which are mostly
rare, threatened, invasive or emblematic (Pimm et al. 2018,
Enquist et al. 2019, Hannah et al. 2020), achieving the com-
plete sequencing of those target species is urgent but realis-
tic in the near future, as opposed to the sequencing of most
vertebrates. The current filling of global DNA databases is
sufficient for our approach to work globally and across scales.
Diversity indices derived from this method are shown to be
reliable at a, P and 7y scales to infer similar ecological conclu-
sions as those based on classical species identification.

Conclusion

While it has widely been reported that molecular biodiver-
sity inventories outperform classical inventories (videos,
acoustic) in the open environment (Thomsen et al. 2016,
Boussarie et al. 2018), we demonstrate that, in the absence
of a complete genetic reference database, a bioinformatic
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pipeline using Molecular Operational Taxonomic Units is
able to provide robust estimates of species diversity across
spatial scales. Even if some species cannot being distinguished
after the clustering step, a common issue due to genetic prox-
imity between close taxa (Fahner et al. 2016), the geographic
biodiversity patterns are highly similar to those obtained with
a species-based method. As false negatives are inherent to any
inventory method in ecology (Field et al. 2007) and while
false positives are rarer but to avoid at all cost (Chambert et al.
2015), we suggest a precautionary approach where some ‘true’
observations could be lost in order to reduce the risk of false
observations. Given the current state of genetic database cov-
erage, a species-based eDNA approach is only achievable in
freshwater ecosystems located in the Northern hemisphere,
where the coverage exceeds 50% of fish species (Fig. 2).
For all other ecosystems, our study is the proof of concept
demonstrating that, given an appropriate primer set as well
as filtering and cleaning processes, MOTUs can be used to
accurately assess the level of biodiversity at all scales: local,
turnover and regional. We thus advocate the need to focus
sequencing efforts in priority towards 1) families with no
genetic coverage so presently virtually undetectable with our
approach and 2) conservation-important like invasive species

or IUCN Red List species for which unassigned MOTUs
cannot substitute. This work paves the way towards extend-
ing the use of eDNA in community ecology and biogeogra-
phy even for poorly known ecosystems or lineages, and install
eDNA as a standard monitoring tool (Jarman et al. 2018). It
also reinforces its initial goal of versatility and high compara-
bility to monitor any kind of ecosystem and compare com-
munities across wide environmental gradients.

Data and code availability

The Species  (<https://gitlab.mbb.univ-montp2.fr/edna/
bash_105vsearch_ecotag>) and MOTU pipelines (<https://
gitlab.mbb.univ-montp2.fr/edna/bash_swarm>) are freely
accessible in Gitlab. All sequencing data is already avail-
able on Dryad: <https://doi.org/10.5061/dryad.t4n42rr>
(Pont et al. 2019).
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1. Préface

Les besoins en suivi de la biodiversité sont urgents, et le metabarcoding de I'’ADNe est une
méthode trés prometteuse pour complémenter voire remplacer certains recensements classiques de la
biodiversité. Cependant, il est nécessaire d’évaluer la performance de I"’ADNe par rapport aux outils
traditionnels avant d’envisager une généralisation du recours a cette méthode. Or nous avons vu en
introduction de cette these que les méthodes ADNe ont jusqu’ici été peu appliguées en milieu marin,
et encore moins dans les milieux marins tropicaux pour lesquels tres peu d’études comparatives
existent, hormis Stat et al. (2019). L'application de I’ADNe dans ces écosystémes reste cependant limitée
par la faible couverture taxonomique des bases de références génétiques dans cette zone, comme

exposé dans le chapitre 2.

Ce nouveau chapitre s’appuie sur les avancées réalisées au chapitre 3 qui permettent d’utiliser
des substituts moléculaires (MOTUs) en guise d’unités taxonomiques a la place des traditionnelles
assignations a 'espéce. Les études comparatives précédentes montraient une faible performance de
I’ADNe par rapport aux méthodes traditionnelles notamment a cause de manquements dans la base de
référence (McElroy et al. 2020), la réelle diversité récupérée sur les filtres ADNe n’étant que
partiellement révélée en raison de ces bases de références lacunaires. L'utilisation de MOTUs permet
ici d’éviter cet effet et de montrer le potentiel de I’ADNe pour étudier la diversité d’une zone ainsi que
du nombre d’espéces potentiellement détectables une fois que les bases de référence seront plus

renseignées.

De plus, la trés large majorité des études comparatives entre ADNe et autres méthodes se
concentrent sur la facette taxonomique de la diversité. Or les facettes phylogénétiques et fonctionnelles
sont essentielles afin de décrire et comprendre la structure des écosystémes, ainsi que proposer des
mesures de conservation de la biodiversité (Pollock et al. 2020). Au lieu de considérer les especes /
MQOTUs comme totalement similaires dans leur contribution a I'écosystéme, une approche multi-
facettes permet de grouper les unités taxonomiques en entités fonctionnelles partageant des valeurs
de traits et considérées comme remplissant des roles fonctionnels similaires. Il s’agit aussi de considérer
la diversité de I'histoire évolutive dans une communauté composées d’unités taxonomiques a travers

leurs positions sur un arbre phylogénétique.

A travers deux manuscrits, ce chapitre vise a (i) établir une comparaison entre I’ADNe

metabarcoding et des méthodes conventionnelles (vidéos et transects en plongée) indépendamment
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de la couverture taxonomique des bases de références sur deux régions marines tropicales, (ii)
comparer les performances de chagque méthode sur trois facettes de la diversité : taxonomique,
fonctionnelle et phylogénétique et (iii) comparer I'effort d’échantillonnage nécessaire pour atteindre la

valeur maximale de chaque métrique de diversité.

Pour cela, nous avons échantillonné sur deux zones d’études sur le territoire Colombien. La
premiere dans le Pacifique Oriental Tropical sur I'lle de Malpelo, a 500km des cotes de la Colombie, seul
point émergé d’une chaine de montagnes sous-marines agrégeant une large faune récifale et pélagique.
La deuxiéme zone se situe dans les Caraibes, ou un site comprend I'lle de Providencia au large du

Nicaragua et I'autre site le parc naturel de Tayrona a Santa Marta, proche du parc de la Sierra Nevada.

Les résultats révelent que I’ADNe surpasse les méthodes traditionnelles pour chacune des trois
facettes de diversité. L’ADNe détecte peu de MOTUs assignés au rang de I'espéce pour les deux régions
(Pacifique Oriental Tropical et Caraibes), mais I'approche par unités taxonomiques expose le potentiel
de I’ADNe si les bases étaient plus completes, en détectant systématique plus de genres et de familles
que les vidéos et les plongées, ce qui induit un avantage certain pour I'estimation de la diversité
phylogénétique. Cet avantage est également marqué pour les aspects fonctionnels, pour lesquels
I’ADNe détecte plus d’entités fonctionnelles et plus de richesse fonctionnelle que les méthodes
classiques. En termes d’efforts d’échantillonnage, I’ADNe détecte autant de diversité phylogénétique
en un seul transect qu’en 25h de vidéos, avec une logistique beaucoup plus légere. Ces travaux
apportent un argument supplémentaire pour I'application de I’ADNe dans les milieux marins tropicaux
hyper-divers, ou la méthode présente un fort potentiel pour améliorer les moyens de suivi de
biodiversité traditionnels en élargissant la gamme de familles donc de traits et d’histoire évolutive qui
devient détectable. La principale limite réside dans la faible couverture des bases de référence, qui peut

étre rapidement levée a I'échelle locale avec un effort ciblé pour les zones de suivi choisies.

2. Manuscrit C
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Abstract

1-

Monitoring marine fishes is a key step for assessing impact of global changes as well as protection
effectiveness. Most traditional census methods are demanding or destructive. Non-disturbing
and non-lethal approaches based on video and environmental DNA have been increasingly used
as alternatives to underwater visual census or fishing. However, their ability to recover multiple
facets of biodiversity beyond the traditional taxonomic diversity is still unknown.

Here, we compared the performance of eDNA metabarcoding targeting bony fishes and
elasmobranches to that of long-duration remote videos in the assessment of species,
phylogenetic and functional diversity. We used 10 eDNA samples from 30L of water each and 25
hours of underwater videos over three days on Malpelo island, on the pacific coast of Colombia,
a remote marine protected area within a biodiversity hotspot.

eDNA detected 66% more Molecular Operational Taxonomic Units (MOTUs) than species on
videos. We found 66 and 43 functional entities using a single eDNA marker and videos,
respectively, and higher functional richness for eDNA than videos. Despite gaps in genetic
reference databases, eDNA also recovered a higher fish phylogenetic diversity than videos, with
accumulation curves revealing how a single eDNA transect can detect as much phylogenetic
diversity as 25 hours of videos.

Synthesis and applications. Environmental DNA is an efficient and accurate method to census all
biodiversity facets in marine systems. Although taxonomic assignments are still limited by species
coverage in genetic reference databases, the use MOTUs highlights the potential of eDNA
metabarcoding if efforts are made to sequence regional diversity. eDNA offers an affordable
efficient opportunity to complement traditional monitoring methods in a context of ecosystem

management.

Introduction

Species inventories are the building blocks of most ecological analyses, from biogeography to

conservation or community ecology. In a context of global changes, monitoring species communities is

essential for biodiversity assessment (Blowes et al., 2019) and the evaluation of management strategies

(Cinner et al., 2020). Most biodiversity inventories focus on the taxonomic facet, where each species is

considered independently of its evolutionary history or functional traits (Cardoso, Rigal, Borges, &

Carvalho, 2014). Yet, species diversity alone is not sufficient to inform ecosystem states and processes

since not all species are equivalent (Craven et al. 2018; Brun et al. 2019). Besides, a multifaceted

approach of biodiversity is often required to better understand community changes and conservation

outcomes (Kling, Mishler, Thornhill, Baldwin, & Ackerly, 2019; Mbaru, Graham, McClanahan, & Cinner,
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2020; Monnet et al., 2014; Segovia et al., 2020; Trindade-Santos, Moyes, & Magurran, 2020). So far, few
studies have compared the ability of inventory methods to recover all facets of biodiversity, focusing

mostly either on taxonomic diversity alone or on a combination of two facets only (Devictor et al., 2010).

Taxonomic diversity (TD) represents the sum of species present in a given community and is the most
widely used facet to describe biodiversity (Cardoso et al., 2014). Yet, TD ignores ecological differences
among species (Cardoso et al., 2014; Jarzyna & Jetz, 2016). Two prominent approaches have been
proposed to complement taxonomic information by accounting for species ecological features and
evolutionary divergence (McGill, Enquist, Weiher, & Westoby, 2006; Webb, Ackerly, McPeek, &
Donoghue, 2002). Phylogenetic diversity (PD) quantifies the extent of evolutionary history present in a
given community, a key facet to biogeography, conservation and ecosystem functioning (Forest et al.,
2007; Tucker et al., 2019, 2016). Functional diversity (FD), the extent of species trait values, sheds light
on community assembly rules and ecosystem functioning (Mouillot, Graham, Villéger, Mason, &
Bellwood, 2013). While PD has often been considered as a surrogate for FD, recent studies challenge
this assumption (Mazel et al., 2018), or reveal an asynchrony in responses of both facets to disturbances
(Devictor et al., 2010; Monnet et al., 2014). So, TD, FD and PD are thus complementary facets to be

considered in parallel as part of a comprehensive assessment of biodiversity.

In marine coastal ecosystems, monitoring is traditionally performed using Underwater Visual Census
(UVCs) (Cinner et al., 2020), Remote Underwater Video systems (RUVs) with or without bait (Wetz,
Ajemian, Shipley, & Stunz, 2020) or more recently Environmental DNA (eDNA) metabarcoding, a
molecular technic recovering DNA traces from organisms by water filtration (Deiner et al., 2017;
Harrison, Sunday, & Rogers, 2019). While UVCs have known biases such as limited sampling time and
space or diver avoidance (Dickens, Goatley, Tanner, & Bellwood, 2011; MacNeil et al., 2008;
McClanahan et al., 2007), video-based assessments provide an alternative with a potential to film long
hours without diver presence (Dickens et al., 2011). Indeed, remote videos can recover about the same
TD as the most historical UVC methods, missing small benthic and low-range species but more
frequently detecting large predators (Bosch, Gongalves, Erzini, & Tuya, 2017; Colton & Swearer, 2010;
Langlois et al., 2010). Environmental DNA has been shown to recover more or about the same TD than
traditional methods like netting, UVC or RUVs (Boussarie et al., 2018; Nguyen et al., 2020), most often
revealing a complementary inventory (Stat et al., 2019). Yet, to our knowledge, no study compared the

ability of eDNA vs. video surveys to reveal all three biodiversity facets.

Here we used eDNA metabarcoding and long-duration videos to compare the biodiversity of marine

fishes and sharks detected in Malpelo island, a marine protected area recognized as a World Heritage
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Site by UNESCO. Malpelo is known to host a high diversity of underwater life, with around 400 fish and
shark species recorded, including at least 5 endemic fish species (Chasqui Velasco, Gil Agudelo, & Nieto,
2016) and representing a potentially large functional diversity with a fauna composed of both reef-
associated species and migrating pelagic species (Nalesso et al., 2019; Quimbayo, Mendes, Kulbicki,
Floeter, & Zapata, 2017). We took advantage of this unique ecosystem features to compare the
performance of two sampling methods, environmental DNA metabarcoding using three molecular
markers and long-duration underwater videos, in the assessment of three biodiversity facets in light of

corresponding sampling efforts.

Methods

1. Study site and sampling

We sampled around the Sanctuary of Fauna and Flora in Malpelo, a remote oceanic island located 490
km off the Colombian shore in the Eastern Tropical Pacific (Fig. 1) for three days over a four-day period
(25-28 March 2018) on a single site, called El Arrecife. Malpelo is surrounded by deep-waters and fishing
activities are prohibited over a surrounding area of 8,757 km2 (Edgar et al., 2011). The reef ecosystem
around the island is influenced by major oceanic currents (Rodriguez-Rubio, Schneider, & del Rio, 2003)
and local upwelling, with a benthos dominated by bare rocks with a low coral cover (Quimbayo et al,,
2017). We deployed a long-duration Remote Underwater Video system (RUVs hereafter) designed by
Extrem-Vision (https://extrem-vision.com/en/; Rivesaltes, France) able to film for up to 12 hours
(Supplementary, Fig. S1 for video screenshots). The cameras were set at 40 cm above seafloor and had
wide field of view (90°) recording both benthic and pelagic habitats over an area of 10m2, with a
resolution of 1920*1080 pixels and 30 frames per second. We set the camera at 13m depth, on a rocky
and coral reef at the ‘El recife’ spot (04.00600°, -81.60433°). Three videos were recorded on the 25th
(daylight, night) and 28th March (daylight) 2018 (Fig 1C).

We cumulated 24h50m of video, day and night and simultaneously collected 10 eDNA samples over five
surface transects. During night recording, two dive lights illuminated the camera view. A GoPro Hero 5
camera was mounted on top on the RUVs to film in the opposite direction for the first 2h of deployment
of each daylight recording. A total of 24h50min video with the long-duration camera and 3h30min with
the GoPro in the opposite direction were recorded. Simultaneously, we filtered two water samples from
a boat on surface transects for 30 min on top of the camera at each deployment (Fig 1), for a total of 10
filters on 5 transects. We used Athena® peristaltic pumps (Proactive Environmental Products LLC,
Bradenton, Florida, USA; nominal flow of 1.0L.min-1) on each side of the boat, to filter water on-site
for a total of c.a. 30L trough a VigiDNA® 0.20 uM cross flow filtration capsule (SPYGEN, le Bourget du

Lac, France) with disposable sterile tubing for each filtration capsule. Immediately after, the filter units
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were filled with CL1 Conservation buffer (SPYGEN, le Bourget du Lac, France) and stored at room

temperature until the DNA extraction.
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Fig. 1. Location of eDNA transects (orange tracks) and video recordings (black camera symbol) in
Malpelo island, Colombia (A, B) and timing of video recording and eDNA sampling (C).

2. Video processing

Two frames per second were extracted from all videos. Fishes were identified at the lowest taxonomical
level possible, following Fishbase taxonomy (Froese & Pauly, 2000), by a trained team who recorded the
first occurrence of each species in each of the videos (i.e. the number of individuals per species was not

accounted for).

3. Environmental DNA processing
The DNA extraction was performed in a dedicated controlled laboratory for environmental DNA
extraction, equipped with positive air pressure, UV treatment and frequent air renewal and

decontamination procedures conducted before and after all manipulation (Pont et al., 2018). We used
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3 different primer pairs targeting distinct taxonomic groups: i) the teleo primer targeting teleost fishes
and elasmobranches (Valentini et al., 2016), ii) the Chond01 primer, targeting elasmobranches most
specifically and iii) the VertO1 primer (Taberlet, Bonin, Coissac, & Zinger, 2018), targeting vertebrates in
general, see Table S2 for primer sequences. The PCR mixture was denatured at 95°C for 10 min, followed
by 50 cycles of 30 s at 95°C, 30 s at 55°C for teleo and Vert01 and 58°C for Chon01 and 1 min at 72 °C
and a final elongation step at 72°C for 7 min. Twelve replicates of PCRs were run per sample, i.e., 24 per
transect as we have 2 field duplicates per transect. The primers were 5’-labeled with an eight-nucleotide
tag with at least three differences between any pair of tags. The tag combinations were unique to each
sample for Chond01 and Vert0O1 primer and unique to each PCR replicate for telo primer. The tagging
system allows the assignment of each sequence to the corresponding sample during sequence analysis.
After amplification, samples were titrated using capillary electrophoresis (QlAxcel; Qiagen GmbH,
Hilden, Germany) and purified using a MinElute PCR purification kit (Qiagen GmbH, Hilden, Germany).
The purified PCR products were pooled in equal volumes, to achieve a theoretical sequencing depth of
1,000,000 reads per sample per marker. Library preparation and sequencing were performed at Fasteris
via a ligation protocol (Geneva, Switzerland). A total of three libraries were prepared using the MetaFast
protocol (Fasteris, https://www.fasteris.com/dna/?q=content/metafast-protocol-amplicon-
metagenomic-analysis). For all libraries a paired-end sequencing (2x125 bp) was carried out using an
lllumina HiSeqg 2500 sequencer on two HiSeq Rapid Flow Cell v2 using the HiSeq Rapid SBS Kit v2
(lllumina, San Diego, CA, USA). Library preparation and sequencing were performed at Fasteris (Geneva,
Switzerland). Three negative extraction controls and one negative PCR controls (ultrapure water, 12
replicates) were amplified per primer pair and sequenced in parallel to the samples to monitor possible

contaminants.

4, Bioinformatic pipeline

Following sequencing, reads were processed using clustering and post-clustering cleaning to remove
errors and estimate the number of species using Molecular Operational Taxonomic Units (MOTUs) (J.
Juhel et al., 2020; Marques et al., 2020). The estimation of species diversity using MOTU richness was
only performed using the teleo marker, as other primers have not been extensively tested and their
performance for correctly estimating species richness remains unassessed. First, reads were assembled
using VSEARCH (Rognes, Flouri, Nichols, Quince, & Mahé, 2016), then cut using CUTADAPT (Martin,
2011) and clustering was performed using SWARM (Mahé, Rognes, Quince, de Vargas, & Dunthorn,
2015) with a minimum distance of 1 mismatch between clusters following Marques et al. (2020).
Taxonomic assignation of MOTUs was carried out using ecotag from the OBITOOLS toolkit (Boyer et al.,
2016) using the European Nucleotide Archive (ENA) (Leinonen et al., 2011) as a reference database

(release 141, December 2019). We discarded all observations with less than 10 reads, present in only
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one PCR in the entire dataset to avoid spurious MOTUs originating from a PCR error, as it unlikely for a
same error to be generated several times in distinct PCRs and non-target taxa. We corrected for index-
hoping (MacConaill et al., 2018) using a threshold empirically determined per sequencing batch using
experimental blanks (combinations of tags not present in the libraries). In this case a threshold of 0.006
per MOTU for a given sequencing batch between libraries was used. We further corrected for tag-jump
(Schnell, Bohmann, & Gilbert, 2015) using a threshold of 0.001 for a given MOTU within each library.
Taxonomic assignments from ecotag were also corrected to avoid over-confidence in assignments:
species-level assignments were validated only for an 100% sequence match, genus-level for a 90-99%
match and family-level for an 85-90% match as suggested in Juhel et al. (2020). Fish names were then
verified using the rfishbase R package (Boettiger, Lang, & Wainwright, 2012). All taxa assigned to deep-
water or mesophotic species or lineages were flagged and not analyzed due to their impossible

detection using shallow water cameras.

5. Trait-based analysis

The ecology of each fish species was described with 6 traits acting as proxies for their contribution to
ecosystem functions: body size, mobility, period of activity, schooling behavior, vertical position in the
water column and diet (Villéger, Brosse, Mouchet, Mouillot, & Vanni, 2017), coded as categories
(Mouillot et al., 2014). When a recorded fish species was absent from this database, trait values were
completed by literature when available, or replaced by the dominant trait value within its genera.
Species sharing the same combination of trait values were grouped into Functional Entities (FE)
(Mouillot et al., 2014). The functional distance between all pairs of fish species were computed using
the Gower’s distance which allows to account for several types of variables (Legendre & Legendre,
1998). In order to construct a multidimensional functional space, we performed a principal coordinate
analysis (PCoA) on this distance matrix and kept the four first axes which provided a faithful
representation of the initial trait-based distance between species according to the mSD quality index
from (Maire, Grenouillet, Brosse, & Villéger, 2015). For the MOTUs not assigned at the species level due
to gaps in the genetic reference database, trait values were assigned based on trait values from clades
at higher taxonomic levels. More precisely, when a MOTU was only assigned at the genus level, we
randomly sampled one species among all the species from the same genus occurring in the Tropical
Eastern Pacific. If no species among the region had available trait data, we randomly sampled one
species among all species from the genus. When a MOTU was assigned at the family level, the same
methodology was applied among species from the same family. To evaluate the effect of assigning trait
values to MOTUs based on one species from same genus or family, we ran the same analyzes based only

on MOTUs assigned at the species level.
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6. Comparing fish biodiversity estimates from the two inventory methods

We compared taxonomic, phylogenetic and functional diversity computed using video and eDNA data.
Beyond the mere comparison of family identities and considering the limited number of species
identified with eDNA, we sought to quantitatively compare the two methods using MOTUs generated
with eDNA as a proxy for species. Since species identity is not accessible for most MOTUs, we used them
as proxies for species using the teleo marker to make comparison at a higher taxonomic level, here the
family-level. For each family, we can estimate the number of species detected by each method without
requiring the assignment at the species level. Functional richness (FRic) was assessed as the proportion
of the functional space occupied by a species assemblage (Villeger, Mason, & Mouillot, 2008). We
generated accumulation curves on videos over recording time, that are combining all recordings
according to a chronological order as if it was one long continuous video. For eDNA, we considered each
of 10 filters individually, as field duplicates are not exactly similar, and arranged them in chronological
order. For each pair of duplicates, so recovered as the same time, filters were randomly assigned at the
first or second filter. Taxonomic richness and FE richness were computed to generate accumulation
curves through time. We used the R package vegan to generate a randomized MOTU richness
accumulation curve for richness and FEs, and the R package PDcalc to generate a rarefaction curve for
PD. We then computed functional dissimilarity between the two census methods as the proportion of
non-overlap in the functional space between the convex hulls shaping the taxa recorded by each
method, as well as the contribution of turnover to this dissimilarity (Villéger, Grenouillet, & Brosse,
2013). These indices were calculated with the R package betapart (Baselga & Orme, 2012). We
computed Faith’s Phylogenetic Diversity (PD) of taxa censused by the two methods using the picante R
package applied to 100 super-trees (Rabosky et al., 2018) pruned at the genus level for Teleostens (bony
fish). All MOTUs assigned at genus or species levels were considered for PD analysis, but MOTUs
assigned at family level only were not considered since the tree is pruned at genus level. Elasmobranchii

taxa (sharks and rays) were not included in the phylogenetic diversity analysis.

Results

1. Biodiversity estimates

A total of 3.3 million DNA sequences passed our quality bioinformatic filters using the teleo marker,
corresponding to 130 distinct MOTUs (Supplementary, table S1). Among those, 23 MOTUs were
assigned to a taxonomic level higher than family (percentage of similarity < 85%) and were not included
in our analyses. 22 MOTUs were assigned to deep-water fish taxa and were subsequently removed from
analyses. Overall, among eDNA sequences belonging to a shallow-water taxa identified at least at the

family level, 3 million sequences from 85 MOTUs were retained. As only 33 MOTUs could be assigned
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to a species, we considered the lowest taxonomic assignation for each MOTU, and thus performed some
analyses at the family level to allow a more representative comparison between our methods (Fig 2).
Assigning FE to eDNA taxa revealed 66 distinct FEs, among which 52 were represented by only one taxa,
10 by two taxa, three by three taxa and one by four taxa (Fig 2D).

On videos, we identified 51 taxa, 50 at the species level and one at genus level (Mobula sp). Those 51
taxa were gathered into 43 functional entities (FE), with 37 FEs comprised of a single species, 5 FEs of
two species and one FEs of 4 species. The combination of both methods generated 77 FEs, among which
around half (33) were shared while 10 were unique to videos and 33 unique to eDNA (Fig. 2A). When
considering only species-assigned MOTUs, 25 FEs were detected only on videos, 11 only by eDNA and

18 were detected by both methods (Supplementary, Fig S5).

Species Genus
Video eDNA
37 20
9)
. D ) .
Family Functional Entities

eDNA
14

B Not sequenced [l Sequenced & resolutive [[] Sequenced & not resolutive

Fig. 2. Venn diagrams comparing the number of fish taxa detected by both methods at species (A), genus
(B), family (C) level and the number of Functional Entities (D) for the teleo marker. The blue barplot on
the left side represents the sequencing status of all species exclusively found on videos.

2. Taxonomic congruence between methods
The difference in rank-level taxa assignation between methods prevented a straightforward comparison

of detected taxa, with 98% of taxa identified at the species level on videos, as opposed to 40% in eDNA.
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At the species level, videos detected more diversity with 50 species against 33 with eDNA (13 shared),
but only 24% (9/37) of species detected exclusively with videos were sequenced and detectable using
eDNA (Fig 2). Environmental DNA with a single marker detected more genera (55) than videos (42) and
also more families (34 compared to 24) (Fig. 2). For all 20 families detected with both eDNA and videos,
eDNA systematically detected more or the same amount of species/MOTUs compared to videos (Fig.
3). For 13 families, the number of detected species using videos is the same as the number of detected
MOTUs using eDNA. For the 7 remaining families, eDNA detected more MOTUs than species with videos.
Among the 14 families detected exclusively using eDNA, we detected 5 MOTUs of Scombridae or 2
MOTUs of Gobiidae, where videos detected no species of these common families. Complementing the
teleo marker with the Chond01 and VertO1 markers (Supplementary, Table S2) revealed 34 extra taxa,
all bony fish (Supplementary, Table S3), including 15 at the species level. Considering all 3 markers
changed the number of shared species with videos from 13 to 17, genera from 26 to 35 and families
from 20 to 22 (Fig S2). In particular, multi-marker eDNA detected 46 families including 24 not detected
on videos, while only 2 families were detected with videos exclusively (Scaridae and Aulostomidae). The
VertO1 primer also detected 2 species of marine mammals and one unresolved taxa of marine bird (Sula

sp.), which were not included in this study focusing only on bony and cartilaginous fishes.

Pomacentridae

utjanidae
@ Scombridae g
Muraenidae iae
49 @
Nomeidae Balistidae
Exocoetidae Tetraodontidae
Belonidae Myliobatidae
Hglocentridae anthuriga
24 @ ¢
Gobiidae Diodontid, A

Hemiramphidae,

Number of species per family detected with eDNA

Scarida Chaetodontidae
Scaridae
01 @

Aulostomidae Blenniidae
T T

0 2 4 6 8

Number of species per family recorded on videos
Fig. 3. Comparison of the number of MOTUs/species found at the family level, without the deep-water
families using only the eDNA teleo marker. Numbers within bubbles represent the numbers of families
on the same point, and colors indicate which method detects more species/MOTUs in green when eDNA
performs better, blue when video performs better and purple when both methods have a similar
performance. Family identities are indicated, except when more than 5 families co-occur on a same dot
for graphic clarity purpose.
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3. Functional and phylogenetic congruence between methods

Using both eDNA with the teleo marker and videos revealed a fish community of 71 genera, with 67
Actinopterygii genera (bony fish) representing a Faith’s Phylogenetic Diversity of 4,603. The 37 genera
detected with videos revealed a PD of 2,729 (so 59% of the total), while the 49 genera detected with
eDNA revealed a PD of 3,767 (so 82% of total). However, 4 genera detected with videos only were not
detectable using eDNA due to gaps in genetic reference database (Fig. 2). Extending the eDNA analysis
to multi-markers revealed 14 extra genera, extending the entire assemblage PD to 5,322, with a PD of
4,971 for multi-marker eDNA alone (Supplementary, Fig S3), so 93% of the total PD detected using all
methods and all markers, while for videos this amounts reached only 51%.

Species recorded on videos filled a smaller portion of the functional space (i.e. convex hull delimited by
the most extreme combination of traits values) than the one filled by taxa recorded with eDNA (Fig. 4,
Fig S4). The dissimilarity (E-diversity) between those two convex hulls equals 0.37, and turnover
contributed to only 16% of this dissimilarity, highlighting that taxa recorded on videos filled mostly a
subset of the space filled by taxa recorded with eDNA. The portion of the functional space filled only by
eDNA is driven by a few taxa like Psene cyanophrys, Mobula tarapacana or Canthigaster jactator, whose
traits correspond mainly to strict pelagic, planktivorous or small omnivorous species, respectively. The
small portion of the functional space filled only by videos was due to the small invertivorous
cryptobenthic blenny (Hypsoblennius maculipinna) not detected with eDNA. Further, including eDNA
from all three markers revealed that the taxa recorded on videos filled a portion of the functional space
completely embedded within the portion delineated by taxa detected with eDNA (Supplementary, Fig
S3).
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4, Biodiversity accumulation curves and asymptotes

One hour of video resulted in the detection of 63% of species (32) and 70% of FEs (30) identified over
the 25 hours of video (Fig 5a,c). After 2h, an additional seven species and four FEs were recorded,
representing 76 % (39) of species and 81% (34) of FEs. Seven hours of video were necessary to detect
90% of all FEs detectable on videos (39 out of 43). After 25 hours of video, 56% of the complete number
of FEs detected using both eDNA and videos were successfully detected (43 out of 77 in total). Six hours
of video recording were necessary to detect 90% of total PD recorded on videos. For eDNA, a single
transect (2 samples) was sufficient to detect 67% of MOTUs (57) and 70% of FEs (46) (Fig 5b,d). After
four transects (8 samples), 93% of MOTUs (79) and 92% of FEs (61/66) were detected. Two eDNA
samples detected as much Faith’s PD as 25 hours of video (PD = 2,735) (Fig. 5e,f), but 10 eDNA samples
using the teleo marker did not detect as much PD as 10 eDNA samples with the combination of all three
markers (PD = 4,971) or the combination all methods, i.e. all eDNA primers and video combined (PD =

5322) (Supplementary, Fig. S3).

Discussion

Our study demonstrates that eDNA outperformed long-duration remote video recording for the
estimation of all facets of reef fish biodiversity. In particular, eDNA revealed more MOTUs (species
proxy), higher FE, FD and PD richness than 25 hours of videos. Fast and reliable estimations of
biodiversity with eDNA are promising for conservation and monitoring programs, which could help to
upscale current spatiotemporal extent of sampling and adopt a multifaceted perspective on reef fish

biodiversity (Cinner et al., 2020).
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Fig. 5. Accumulation curves for (A) species richness on videos, (B) MOTU richness for eDNA, (C) richness
of Functional Entities (FEs) for videos and (D) richness of FEs with eDNA and (E) Faith’s Phylogenetic
Diversity (PD) on videos and (F) with eDNA, using only the teleo marker for eDNA. The green ribbon
represents the accumulation curve with standard deviation using a randomized saturation approach for
eDNA, and the green line the real values ordered by sampling date.

Remote underwater videos and eDNA are complementary methods to census TD in reef ecosystems at
the species level, but eDNA detects more genera and families. In particular, 14 families were only
detected with eDNA, whereas only four were only detected on videos. This advantage is more
pronounced when combining multiple primer pairs: we obtain more overlap between both methods
and more taxa detected only using eDNA, with 24 families exclusive to eDNA and only two exclusives to

videos. In terms of composition, both methods perform well to detect mobile yet elusive predators,
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such as jacks and sharks with more taxa for eDNA. Un-baited cameras seem to perform exceptionally
well for shark detection, but we argue this might be linked to the unique feature of Malpelo island being
a shark gathering place (Bessudo et al., 2011; Ketchum et al., 2014). Hence, the detection probability
on videos was certainly higher around Malpelo island than on average around a typical reef where
sharks are scarcer and more cautious (J. B. Juhel et al., 2019), and thus where eDNA is expected to
perform better than any other inventory method (Bakker et al., 2017; Boussarie et al., 2018). Our results
contrast with the only other study comparing eDNA and camera-based fish census (Stat et al., 2019),
where they found a clear complementarity in detection between both methods at the genus level. Such
differences may come from the use of short (1h) baited cameras instead of long un-baited cameras
(25h), or from a different eDNA protocol. They used 500mL point as samples with a 16S marker, whereas
we used a 12S marker and sampled a larger water volume (30L) over a surface transect, which is
expected to yield more detections due to eDNA particle dilution in marine environments (Thomsen et
al., 2012). As expected, the reference database completeness currently impairs the use of eDNA, but
our clustering approach allows to derive some TD metrics and reveals a strong potential for a fast TD

census in marine fish communities once reference databases will be more populated.

We found that eDNA allows a better FD assessment compared to long-duration videos, with a higher
number of FEs detected and higher Functional Richness. Despite disparities in taxonomic inventory,
both methods revealed a close set of functional entities with 77% of FEs (33/43) detected on videos also
detected with eDNA, and 50% (33/66) of FEs detected with eDNA also detected on videos. Using only
species-assigned MOTUs revealed a total of 29 FEs, with 11 exclusives to eDNA despite a low number
of species-level assignments. This hints how the higher number of FEs detected with eDNA using random
assignments of traits at higher taxonomic levels is probably not an artefact but represents the potential
of eDNA-based inventory if genetic reference databases were more populated. Filming for a long
duration was necessary to capture most FEs as one hour of videos recovered 70% of all FEs detected
with videos, seven hours were required to sample 90% of FEs. One eDNA transect with two filters
detected as much FEs as 25 hours of videos, highlighting its efficiency for a fast inventory at the
functional level. Environmental DNA also detected a higher Functional Richness (FRic), meaning that FEs
detected exclusively using eDNA exhibited more extreme and distinct trait combinations compared to
those detected only on videos. More specifically, the larger breadth of functional composition detected
with eDNA is due to large pelagic piscivorous and planktivorous species which are vertices of the convex
hull sharing the whole fish assemblage of the studied area. The recording of large pelagic taxa such as
jack species (Carangidae) by cameras is probably due to the oceanic nature of Malpelo and the long
duration video, which can capture rare events or mobile species with low abundance. Other studies on

marine systems suggest that eDNA integrates a wider spatial signal at the scale of hundred meters,
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enabling the detection of pelagic species rarely visiting coastal ecosystems and frequently missed by
other census methods (Boussarie et al.,, 2018; Valdivia-Carrillo, Rocha-Olivares, Reyes-Bonilla,
Dominguez-Contreras, & Munguia-Vega, 2019) but can still delineate distinct habitats (Nguyen et al.,
2020; West et al., 2020). We show how eDNA inventory can go beyond TD and can measure FD on a
given site without bias among functional entities, thus informing on the functioning of ecosystems with

a low sampling effort.

PD complements previous facets of biodiversity by providing insight on the evolutionary history of
communities. We show that even considering a single taxonomic group (bony fish) with a single marker,
eDNA outperforms videos in terms of detected PD. Some lineages were detected by eDNA while
completely missed by videos such as Thunnus or Lythrypnus (Gobiidae family). Further, additional
markers targeting bony fishes expanded the PD detected with eDNA from 3767 to 4971, so almost two
times the PD recovered on videos. As for the other biodiversity facets, we also highlight the limited
sampling effort required to identify much of the PD from the community, with a single transect
detecting as much diversity as the full 25 hours of video. Most video-based inventories do not film
continuously for such long periods due to battery limitations and long processing time (Mallet &
Pelletier, 2014), but we found that 6 hours of continuous recording is necessary to reach 90% of PD
detected over 25 hours. So, shorter protocols are likely to miss rare and even mobile gregarious large
species from underrepresented lineages, which can overcontribute to the overall PD. In fact, rare
species are known to be more distinct both functionally and phylogenetically compared to their more
common counterparts (Mi et al., 2012; Mouillot, Bellwood, et al., 2013), showing the importance of
developing methods able to census them accurately. In a context of unprecedented global changes,
phylogenetically diverse communities could host a stronger ‘evolutionary potential’ to better adapt to
new conditions (Lavergne, Mouquet, Thuiller, & Ronce, 2010; Winter, Devictor, & Schweiger, 2013). It
is then crucial for any monitoring method to accurately measure the full evolutionary diversity of a
community, in order to rapidly implement conservation measures (Pollock, Thuiller, & Jetz, 2017) or

track global change effects (Monnet et al., 2014).

The main limitations currently impairing the large-scale deployment of eDNA metabarcoding are the
reference database coverage and marker resolution, as frequently mentioned by other studies (J. Juhel
et al., 2020; Marques et al., 2020; Miya et al., 2015). Only up to 13% of all fish species are currently
sequenced using our teleo 12S marker and alternative marker locations with larger reference
sequences, on the COIl for example, are currently not appropriate for fish inventory due to impossibility
of designing fish-specific primers without amplification bias, which results in poor performances (Collins

et al.,, 2019; Deagle, Jarman, Coissac, Pompanon, & Taberlet, 2014). Lack of taxonomical resolution
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happens when distinct species share the same sequence, which can result in misidentification and
underestimation of biodiversity. For example, in the present study, the detection of Carcharhinus
obscurus is probably a misidentification of the species Carcharhinus galapagensis as they are
phylogenetically close and C. galapengensis was seen on videos while its barcode sequence is still
unavailable. In this study, TD overlap between methods increases with taxonomic level (i.e. more
overlap at the family than the species level) due to gaps in genetic reference database, in accordance
with previous eDNA studies (Valdivia-Carrillo et al., 2019). If a sequence does not match a referenced
species, its genus or family can still be identified, explaining why we found a clear advantage for eDNA
at higher taxonomic levels. It shows an important potential for a broader inventory which is currently
impaired by a lack of reference sequences. Other biodiversity facets are also impacted by this limitation,
where FD and PD could be better estimated if more MOTUs were identified at species level. Additional
markers targeting the same taxonomical groups further expanded all measures of biodiversity, likely
due to complementary reference database, although we can expect this advantage to fade in the
medium term as reference databases expand. This finding reflects the potential of single-marker eDNA
metabarcoding with larger genetic reference databases, although multiple-marker eDNA could still be

of interest to overcome the limitation of marker resolution.

Conclusion and perspectives

Biodiversity measures should not focus solely on species richness, but also on ecological functions
provided by organisms and the phylogenetic diversity supported by diverse evolutionary lineages
(Cadotte, Dinnage, & Tilman, 2012; Diniz-Filho et al., 2013), as ecosystem functioning can be largely
altered without a strong impact on taxonomic diversity (D’Agata et al., 2014). Our results suggest that
a multifaceted approach of biodiversity is feasible using eDNA metabarcoding, which delivers a faster
and more exhaustive inventory than long-duration videos for all three facets of fish diversity. However,
we highlight that video-based and eDNA methods can be complementary given the current state of
genetic database completeness which prevents most species-level assignments. Further, videos can
record fish size and behavior thus ecological functions such as grazing pressure (Puk, Marshell, Dwyer,
Evensen, & Mumby, 2020).

By better estimating biodiversity in its multifaceted nature, eDNA reveals an important potential for
monitoring and conservation strategies, where fast and accurate measures of diversity are required. An
earlier detection of erosion of each biodiversity facet would help to set appropriate protection measures
on monitored ecosystems, as well as providing a better understanding of the structure and functioning

of communities (Benkwitt, Wilson, & Graham, 2020).

129



Acknowledgments

We thank the Yersin crew for assistance with at-sea operations, SPYGEN staff for assistance in the eDNA
laboratory, The National Parks of Colombia and the Navy of Colombia for the permits, The Malpelo
Foundation for the coordination of the expedition, the Monaco explorations for funding fieldwork and
sequencing, Dr Quimbayo for help in taxonomical identification on video, Camille Albouy and David Eme
for help with phylogenetical trees pruning. Conflicts of interests A.V and T.D work for an eDNA species

detection company.

Data availability
The metabarcoding clustering pipeline is freely available freely on GitHub https://gitlab.mbb.univ-
montp2.fr/edna/snakemake_rapidrun_swarmv1.0.0, and sequencing data outputs will be deposited on

Dryad.

References

Bakker, J., Wangensteen, O. S., Chapman, D. D., Boussarie, G., Buddo, D., Guttridge, T. L., ... Mariani, S. (2017).
Environmental DNA reveals tropical shark diversity in contrasting levels of anthropogenic impact.
Scientific Reports, 7(1), 1-11. doi: 10.1038/s41598-017-17150-2

Baselga, A., & Orme, C. D. L. (2012). Betapart: An R package for the study of beta diversity. Methods in Ecology
and Evolution, 3(5), 808—812. doi: 10.1111/j.2041-210X.2012.00224.x

Benkwitt, C. E., Wilson, S. K., & Graham, N. A. J. (2020). Biodiversity increases ecosystem functions despite multiple
stressors on coral reefs. Nature Ecology and Evolution, 4(7), 919-926. doi: 10.1038/s41559-020-1203-9

Bessudo, S., Soler, G. A, Klimley, A. P., Ketchum, J. T., Hearn, A., & Arauz, R. (2011). Residency of the scalloped
hammerhead shark (Sphyrna lewini) at Malpelo Island and evidence of migration to other islands in the
Eastern Tropical Pacific. Environmental Biology of Fishes, 91(2), 165—176. doi: 10.1007/s10641-011-9769-
3

Blowes, S. A., Supp, S. R., Antdo, L. H., Bates, A., Bruelheide, H., Chase, J. M., ... Dornelas, M. (2019). The geography
of biodiversity change in marine and terrestrial assemblages. Science, 366(6463), 339-345. doi:
10.1126/science.aaw1620

Boettiger, C., Lang, D. T., & Wainwright, P. C. (2012). Rfishbase: Exploring, manipulating and visualizing FishBase
data from R. Journal of Fish Biology, 81(6), 2030—2039. doi: 10.1111/j.1095-8649.2012.03464 .x

Bosch, N. E., Gongalves, J. M. S., Erzini, K., & Tuya, F. (2017). “How” and “what” matters: Sampling method affects
biodiversity estimates of reef fishes. Ecology and Evolution, 7(13), 4891-4906. doi: 10.1002/ece3.2979

Boussarie, G., Bakker, J., Wangensteen, O. S., Mariani, S., Bonnin, L., Juhel, J. B., ... Mouillot, D. (2018).
Environmental DNA illuminates the dark diversity of sharks. Science Advances, 4(5), eaap9661. doi:
10.1126/sciadv.aap9661

Boyer, F., Mercier, C., Bonin, A., Bras, Y. Le, Taberlet, P., & Coissac, E. (2016). OBITOOLS: a UNIX-inspired software
package for DNA metabarcoding. Molecular Ecology Resources, 16(4), 176—182. doi: 10.1111/1755-
0998.12428

Brun, P., Zimmermann, N. E., Graham, C. H., Lavergne, S., Pellissier, L., Minkemdller, T., & Thuiller, W. (2019). The
productivity-biodiversity relationship varies across diversity dimensions. Nature Communications, 10(1),
5691. doi: 10.1038/s41467-019-13678-1

Cadotte, M. W., Dinnage, R., & Tilman, D. (2012). Phylogenetic diversity promotes ecosystem stability. Ecology,
93(8 SPEC. ISSUE), 223-233. doi: 10.1890/11-0426.1

130



Cardoso, P., Rigal, F., Borges, P. A. V., & Carvalho, J. C. (2014). A new frontier in biodiversity inventory: A proposal
for estimators of phylogenetic and functional diversity. Methods in Ecology and Evolution, 5(5), 452—-461.
doi: 10.1111/2041-210X.12173

Chasqui Velasco, L., Gil Agudelo, D. L., & Nieto, R. (2016). Endemic Shallow Reef Fishes From Malpelo Island:
Abundance and Distribution. Bulletin of Marine and Coastal Research, 40(1096), 107-116. doi:
10.25268/bimc.invemar.2011.40.0.134

Cinner, J. E., Zamborain-Mason, J., Gurney, G. G., Graham, N. A. J., MacNeil, M. A,, Hoey, A. S., ... Mouillot, D.
(2020). Meeting fisheries, ecosystem function, and biodiversity goals in a human-dominated world.
Science, 368(6488), 307-311. doi: 10.1126/science.aax9412

Collins, R. A, Bakker, J., Wangensteen, O. S., Soto, A. Z., Corrigan, L., Sims, D. W., ... Mariani, S. (2019). Non-specific
amplification compromises environmental DNA metabarcoding with COIl. Methods in Ecology and
Evolution, 10(11), 1985-2001. doi: 10.1111/2041-210X.1

Colton, M. A., & Swearer, S. E. (2010). A comparison of two survey methods: Differences between underwater
visual census and baited remote underwater video. Marine Ecology Progress Series, 400(February), 19—
36. doi: 10.3354/meps08377

Craven, D., Eisenhauer, N., Pearse, W. D., Hautier, Y., Isbell, F., Roscher, C., ... Manning, P. (2018). Multiple facets
of biodiversity drive the diversity—stability relationship. Nature Ecology and Evolution, 2(10), 1579-1587.
doi: 10.1038/s41559-018-0647-7

D’Agata, S., Mouillot, D., Kulbicki, M., Andréfouét, S., Bellwood, D. R., Cinner, J. E., ... Vigliola, L. (2014). Human-
mediated loss of phylogenetic and functional diversity in coral reef fishes. Current Biology, 24(5), 555—
560. doi: 10.1016/j.cub.2014.01.049

Deagle, B. E., Jarman, S. N., Coissac, E., Pompanon, F., & Taberlet, P. (2014). DNA metabarcoding and the
cytochrome c oxidase subunit | marker: not a perfect match. Biology Letters, 10(9), 20140562—-20140562.
doi: 10.1098/rsbl.2014.0562

Deiner, K., Bik, H. M., Méachler, E., Seymour, M., Lacoursiére-Roussel, A., Altermatt, F., ... Bernatchez, L. (2017).
Environmental DNA metabarcoding: Transforming how we survey animal and plant communities.
Molecular Ecology, 26(21), 5872-5895. doi: 10.1111/mec.14350

Devictor, V., Mouillot, D., Meynard, C., Jiguet, F., Thuiller, W., & Mouquet, N. (2010). Spatial mismatch and
congruence between taxonomic, phylogenetic and functional diversity: The need for integrative
conservation strategies in a changing world. Ecology Letters, 13(8), 1030-1040. doi: 10.1111/j.1461-
0248.2010.01493.x

Dickens, L. C., Goatley, C. H. R., Tanner, J. K., & Bellwood, D. R. (2011). Quantifying relative diver effects in
underwater visual censuses. PLoS ONE, 6(4), 6-8. doi: 10.1371/journal.pone.0018965

Diniz-Filho, J. A. F., Loyola, R. D., Raia, P., Mooers, A. O., & Bini, L. M. (2013). Darwinian shortfalls in biodiversity
conservation. Trends in Ecology and Evolution, 28(12), 689—695. doi: 10.1016/j.tree.2013.09.003

Edgar, G.J., Banks, S. A., Bessudo, S., Cortés, J., Guzman, H. M., Henderson, S., ... Zapata, F. A. (2011). Variation in
reef fish and invertebrate communities with level of protection from fishing across the Eastern Tropical
Pacific seascape. Global Ecology and Biogeography, 20(5), 730-743. doi: 10.1111/j.1466-
8238.2010.00642.x

Forest, F., Grenyer, R., Rouget, M., Davies, T.J., Cowling, R. M., Faith, D. P., ... Savolainen, V. (2007). Preserving the
evolutionary potential of floras in biodiversity hotspots. Nature, 445(7129), 757-760. doi:
10.1038/nature05587

Froese, R., & Pauly, D. (2000). FishBase 2000: concepts, design and data sources (Editors, ed.). ICLARM, Los Bafios,
Laguna, Philippines.

Harrison, J. B., Sunday, J. M., & Rogers, S. M. (2019). Predicting the fate of eDNA in the environment and
implications for studying biodiversity. Proceedings of the Royal Society B: Biological Sciences, 286(1915),
20191409. doi: 10.1098/rspb.2019.1409

Jarzyna, M. A., & Jetz, W. (2016). Detecting the Multiple Facets of Biodiversity. Trends in Ecology and Evolution,
31(7), 527-538. doi: 10.1016/j.tree.2016.04.002

131



Juhel, J. B., Vigliola, L., Wantiez, L., Letessier, T. B., Meeuwig, J. J., & Mouillot, D. (2019). Isolation and no-entry
marine reserves mitigate anthropogenic impacts on grey reef shark behavior. Scientific Reports, 9(1). doi:
10.1038/s41598-018-37145-x

Juhel, J., Utama, R. S., Marques, V., Vimono, I. B., Sugeha, H. Y., Kadarusman, ... Hocdé, R. (2020). Accumulation
curves of environmental DNA sequences predict coastal fish diversity in the coral triangle. Proceedings of
the Royal Society B, 202002438.

Ketchum, J. T., Hearn, A,, Klimley, A. P, Pefiaherrera, C., Espinoza, E., Bessudo, S., ... Arauz, R. (2014). Inter-island
movements of scalloped hammerhead sharks (Sphyrna lewini) and seasonal connectivity in a marine
protected area of the eastern tropical Pacific. Marine Biology, 161(4), 939-951. doi: 10.1007/s00227-
014-2393-y

Kling, M. M., Mishler, B. D., Thornhill, A. H., Baldwin, B. G., & Ackerly, D. D. (2019). Facets of phylodiversity:
Evolutionary diversification, divergence and survival as conservation targets. Philosophical Transactions
of the Royal Society B: Biological Sciences, 374(1763). doi: 10.1098/rsth.2017.0397

Langlois, T. J., Harvey, E. S., Fitzpatrick, B., Meeuwig, J. J., Shedrawi, G., & Watson, D. L. (2010). Cost-efficient
sampling of fish assemblages: Comparison of baited video stations and diver video transects. Aquatic
Biology, 9(2), 155—168. doi: 10.3354/ab00235

Lavergne, S., Mouquet, N., Thuiller, W., & Ronce, O. (2010). Biodiversity and Climate Change: Integrating
Evolutionary and Ecological Responses of Species and Communities. Annual Review of Ecology, Evolution,
and Systematics, 41(1), 321-350. doi: 10.1146/annurev-ecolsys-102209-144628

Legendre, P, & Legendre, L. (1998). Numerical ecology (2nd Editio; E. Science, ed.). Amsterdam.

Leinonen, R., Akhtar, R., Birney, E., Bower, L., Cerdeno-Térraga, A., Cheng, Y., ... Cochrane, G. (2011). The European
nucleotide archive. Nucleic Acids Research, 39(SUPPL. 1), 44—47. doi: 10.1093/nar/gkq967

MacConaill, L. E., Burns, R. T., Nag, A., Coleman, H. A, Slevin, M. K., Giorda, K., ... Thorner, A. R. (2018). Unique,
dual-indexed sequencing adapters with UMlIs effectively eliminate index cross-talk and significantly
improve sensitivity of massively parallel sequencing. BMC Genomics, 19(1), 1-10. doi: 10.1186/s12864-
017-4428-5

MacNeil, M. A., Graham, N. A. J., Conroy, M. J., Fonnesbeck, C. J., Polunin, N. V. C., Rushton, S. P., ... McClanahan,
T. R. (2008). Detection heterogeneity in underwater visual-census data. Journal of Fish Biology, 73(7),
1748-1763. doi: 10.1111/j.1095-8649.2008.02067.x

Mahé, F., Rognes, T., Quince, C., de Vargas, C., & Dunthorn, M. (2015). Swarm v2: highly-scalable and high-
resolution amplicon clustering. PeerJ, 3, €1420. doi: 10.7717/peerj.1420

Maire, E., Grenouillet, G., Brosse, S., & Villéger, S. (2015). How many dimensions are needed to accurately assess
functional diversity? A pragmatic approach for assessing the quality of functional spaces. Global Ecology
and Biogeography, 24(6), 728—740. doi: 10.1111/geb.12299

Mallet, D., & Pelletier, D. (2014). Underwater video techniques for observing coastal marine biodiversity: A review
of sixty years of publications (1952-2012). Fisheries Research, 154, 44-62. doi:
10.1016/j.fishres.2014.01.019

Marques, V., Guérin, P. E., Rocle, M., Valentini, A., Manel, S., Mouillot, D., & Dejean, T. (2020). Blind assessment
of vertebrate taxonomic diversity across spatial scales by clustering environmental DNA metabarcoding
sequences. Ecography, 1-12. doi: 10.1111/ecog.05049

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.Journal, 17(1), 10. doi: 10.14806/ej.17.1.200

Mazel, F., Pennell, M. W., Cadotte, M. W., Diaz, S., Dalla Riva, G. V., Grenyer, R,, ... Pearse, W. D. (2018). Prioritizing
phylogenetic diversity captures functional diversity unreliably. Nature Communications, 9(1). doi:
10.1038/s41467-018-05126-3

Mbaru, E. K., Graham, N. A. J., McClanahan, T. R., & Cinner, J. E. (2020). Functional traits illuminate the selective
impacts of different fishing gears on coral reefs. Journal of Applied Ecology, 57(2), 241-252. doi:
10.1111/1365-2664.13547

132



McClanahan, T. R., Graham, N. A.J., Maina, J., Chabanet, P., Bruggemann, J. H., & Polunin, N. V. C. (2007). Influence
of instantaneous variation on estimates of coral reef fish populations and communities. Marine Ecology
Progress Series, 340, 221-234. doi: 10.3354/meps340221

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding community ecology from functional traits.
Trends in Ecology and Evolution, 21(4), 178-185. doi: 10.1016/j.tree.2006.02.002

Mi, X., Swenson, N. G., Valencia, R., John Kress, W., Erickson, D. L., Pérez, A. J., ... Ma, K. (2012). The contribution
of rare species to community phylogenetic diversity across a global network of forest plots. American
Naturalist, 180(1), 17-30. doi: 10.1086/665999

Miya, M., Sato, Y., Fukunaga, T., Sado, T., Poulsen, J. Y., Sato, K., ... Iwasaki, W. (2015). MiFish, a set of universal
PCR primers for metabarcoding environmental DNA from fishes: detection of more than 230 subtropical
marine species. Royal Society Open Science, 2(7), 150088. doi: 10.1098/rs0s.150088

Monnet, A. C., Jiguet, F., Meynard, C. N., Mouillot, D., Mouquet, N., Thuiller, W., & Devictor, V. (2014). Asynchrony
of taxonomic, functional and phylogenetic diversity in birds. Global Ecology and Biogeography, 23(7),
780-788. doi: 10.1111/geb.12179

Mouillot, D., Bellwood, D. R., Baraloto, C., Chave, J., Galzin, R., Harmelin-Vivien, M., ... Thuiller, W. (2013). Rare
Species Support Vulnerable Functions in High-Diversity Ecosystems. PLoS Biology, 11(5). doi:
10.1371/journal.pbio.1001569

Mouillot, D., Graham, N. A. J., Villéger, S., Mason, N. W. H., & Bellwood, D. R. (2013). A functional approach reveals
community responses to disturbances. Trends in Ecology and Evolution, 28(3), 167-177. doi:
10.1016/j.tree.2012.10.004

Mouillot, D., Villéger, S., Parravicini, V., Kulbicki, M., Arias-Gonzalez, J. E., Bender, M., ... Bellwood, D. R. (2014).
Functional over-redundancy and high functional vulnerability in global fish faunas on tropical reefs.
Proceedings of the National Academy of Sciences of the United States of America, 111(38), 13757-13762.
doi: 10.1073/pnas.1317625111

Nalesso, E., Hearn, A., Sosa-Nishizaki, O., Steiner, T., Antoniou, A., Reid, A., ... Arauz, R. (2019). Movements of
scalloped hammerhead sharks (Sphyrna lewini) at Cocos Island, Costa Rica and between oceanic islands
in the Eastern Tropical Pacific. PLoS ONE, 14(3), 1-16. doi: 10.1371/journal.pone.0213741

Nguyen, B. N., Shen, E. W., Seemann, J., Correa, A. M. S., O’Donnell, J. L., Altieri, A. H., ... Leray, M. (2020).
Environmental DNA survey captures patterns of fish and invertebrate diversity across a tropical seascape.
Scientific Reports, 10(6729). doi: 10.1101/797712

Pollock, L. J., Thuiller, W., & Jetz, W. (2017). Large conservation gains possible for global biodiversity facets. Nature,
546(7656), 141-144. doi: 10.1038/nature22368

Pont, D., Rocle, M., Valentini, A., Civade, R., Jean, P., Maire, A., ... Dejean, T. (2018). Environmental DNA reveals
guantitative patterns of fish biodiversity in large rivers despite its downstream transportation. Scientific
Reports, 8(1), 1-13. doi: 10.1038/s41598-018-28424-8

Puk, L. D., Marshell, A., Dwyer, J., Evensen, N. R., & Mumby, P. J. (2020). Refuge-dependent herbivory controls a
key macroalga on coral reefs. Coral Reefs, 39(4), 953-965. doi: 10.1007/s00338-020-01915-9

Quimbayo, J. P., Mendes, T. C., Kulbicki, M., Floeter, S. R., & Zapata, F. A. (2017). Unusual reef fish biomass and
functional richness at Malpelo, a remote island in the Tropical Eastern Pacific. Environmental Biology of
Fishes, 149-162. doi: 10.1007/s10641-016-0557-y

Rodriguez-Rubio, E., Schneider, W., & del Rio, R. A. (2003). On the seasonal circulation within the Panama Bight
derived from satellite observations of wind, altimetry and sea surface temperature. Geophysical Research
Letters, 30(7). doi: 10.1029/2002GL016794

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH: a versatile open source tool for
metagenomics. Peer), 4, e2584. doi: 10.7717/peerj.2584

Schnell, I. B., Bohmann, K., & Gilbert, M. T. P. (2015). Tag jumps illuminated - reducing sequence-to-sample
misidentifications in metabarcoding studies. Molecular Ecology Resources, 15(6), 1289-1303. doi:
10.1111/1755-0998.12402

133



Segovia, R. A., Pennington, R. T., Baker, T. R., Coelho de Souza, F., Neves, D. M., Davis, C. C., ... Dexter, K. G. (2020).
Freezing and water availability structure the evolutionary diversity of trees across the Americas. Science
Advances, 6(19), eaaz5373. doi: 10.1126/sciadv.aaz5373

Stat, M., John, J., DiBattista, J. D., Newman, S. J., Bunce, M., & Harvey, E. S. (2019). Combined use of eDNA
metabarcoding and video surveillance for the assessment of fish biodiversity. Conservation Biology, 33(1),
196-205. doi: 10.1111/cobi.13183

Taberlet, P., Bonin, A., Coissac, E., & Zinger, L. (2018). Environmental DNA: For Biodiversity Research and
Monitoring (Oxford Uni).

Thomsen, P. F., Kielgast, J., Iversen, L. L., M??ller, P. R., Rasmussen, M., & Willerslev, E. (2012). Detection of a
Diverse Marine Fish Fauna Using Environmental DNA from Seawater Samples. PLoS ONE, 7(8), 1-9. doi:
10.1371/journal.pone.0041732

Trindade-Santos, I., Moyes, F., & Magurran, A. E. (2020). Global change in the functional diversity of marine
fisheries exploitation over the past 65 years. Proceedings. Biological Sciences, 287(1933), 20200889. doi:
10.1098/rspbh.2020.0889

Tucker, C. M., Aze, T., Cadotte, M. W., Cantalapiedra, J. L., Chisholm, C., Diaz, S., ... Mooers, A. O. (2019). Assessing
the utility of conserving evolutionary history. Biological Reviews, 94(5), 1740-1760. doi:
10.1111/brv.12526

Tucker, C. M., Cadotte, M. W., Carvalho, S. B, Davies, T. J., Ferrier, S., Fritz, S. A., ... Mazel, F. (2016). A guide to
phylogenetic metrics for conservation, community ecology and macroecology. Biological Reviews, 92,
698—715. doi: 10.1111/brv.12252

Valdivia-Carrillo, T., Rocha-Olivares, A., Reyes-Bonilla, H., Dominguez-Contreras, J. F., & Munguia-Vega, A. (2019).
Beyond traditional biodiversity fish monitoring: environmental DNA metabarcoding and simultaneous
underwater visual census detect different sets of a complex fish community at a marine biodiversity
hotspot. BioRxiv.

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen, P. F., ... Dejean, T. (2016). Next-generation
monitoring of aquatic biodiversity using environmental DNA metabarcoding. Molecular Ecology, 25(4),
929-942. doi: 10.1111/mec.13428

Villéger, S., Brosse, S., Mouchet, M., Mouillot, D., & Vanni, M. J. (2017). Functional ecology of fish: current
approaches and future challenges. Aquatic Sciences, 79(4), 783—-801. doi: 10.1007/s00027-017-0546-z

Villéger, S., Grenouillet, G., & Brosse, S. (2013). Decomposing functional B-diversity reveals that low functional -
diversity is driven by low functional turnover in European fish assemblages. Global Ecology and
Biogeography, 22(6), 671-681. doi: 10.1111/geb.12021

Villeger, S., Mason, N. W. H., & Mouillot, D. (2008). NEW MULTIDIMENSIONAL FUNCTIONAL DIVERSITY INDICES
FOR A MULTIFACETED FRAMEWORK IN FUNCTIONAL ECOLOGY. Ecology, 89(9), 2290-2301. doi:
10.1002/chin.200826189

Webb, C. 0., Ackerly, D. D., McPeek, M. A., & Donoghue, M. J. (2002). Phylogenies and community ecology. Annual
Review of Ecology and Systematics, 33, 475-505. doi: 10.1146/annurev.ecolsys.33.010802.150448

West, K. M., Stat, M., Harvey, E. S., Skepper, C. L., DiBattista, J. D., Richards, Z. T., ... Bunce, M. (2020). eDNA
metabarcoding survey reveals fine-scale coral reef community variation across a remote, tropical island
ecosystem. Molecular Ecology, (February 2019), 1-18. doi: 10.1111/mec.15382

Wetz, J. J., Ajemian, M. J,, Shipley, B., & Stunz, G. W. (2020). An assessment of two visual survey methods for
documenting fish community structure on artificial platform reefs in the Gulf of Mexico. Fisheries
Research, 225(January), 105492. doi: 10.1016/j.fishres.2020.105492

Winter, M., Devictor, V., & Schweiger, O. (2013). Phylogenetic diversity and nature conservation: Where are we?
Trends in Ecology and Evolution, 28(4), 199-204. doi: 10.1016/j.tree.2012.10.015

134



135



136



3. Manuscrit D

137



138



Received: 4 April 2020

Revised: 6 August 2020

Accepted: 9 September 2020

DOI: 10.1002/edn3.140

SPECIAL ISSUE ORIGINAL ARTICLE

WILEY

Comparing environmental DNA metabarcoding and
underwater visual census to monitor tropical reef fishes

Andrea Polanco Fernandez!

| Virginie Marques®® | Fabian Fopp*®© |

Jean-Baptiste Juhel? | Giomar Helena Borrero-Pérez! | Marie-Charlotte Cheutin? |
Tony Dejean® | Juan David Gonzalez Corredor! | Andrés Acosta-Chaparro® |

Régis Hocdé?

| David Eme’ | Eva Maire?8 | Manuel Spescha"'5 | Alice Valentini® |

Stéphanie Manel® | David Mouillot? | Camille Albouy’ | Loic Pellissier*>

1Programa de Biodiversidad y Ecosistemas
Marinos, Museo de Historia Natural
Marina de Colombia (MHNMC), Instituto
de Investigaciones Marinas y Costeras-
INVEMAR, Santa Marta, Colombia

2MARBEC, CNRS, Ifremer, IRD, University of
Montpellier, Montpellier, France

SEPHE, CNRS, UM, UM3, IRD, UMR5175
CEFE, PSL Research University, Montpellier,
France

“Landscape Ecology, Institute of Terrestrial
Ecosystems, Department of Environmental
Systems Science, ETH Zirich, Zurich,
Switzerland

5Unit of Land Change Science, Swiss Federal
Institute for Forest, Snow and Landscape
Research WSL, Birmensdorf, Switzerland

5SPYGEN, Le Bourget-du-Lac, France

7Unité Ecologie et Modeles pour
I'Halieutique, EMH, IFREMER, Nantes,
France

8Lancaster Environment Centre, Lancaster
University, Lancaster, UK

Correspondence

Andrea Polanco Fernandez, Programa de
Biodiversidad y Ecosistemas Marinos, Museo
de Historia Natural Marina de Colombia
(MHNMC), Instituto de Investigaciones
Marinas y Costeras-INVEMAR, Calle 25
No.2—55 Playa Salguero, Santa Marta,
Colombia.

Email: andrea.polanco@gmail.com

Abstract

Environmental DNA (eDNA) analysis is a revolutionary method to monitor marine
biodiversity from animal DNA traces. Examining the capacity of eDNA to provide
accurate biodiversity measures in species-rich ecosystems such as coral reefs is a
prerequisite for their application in long-term monitoring. Here, we surveyed two
Colombian tropical marine reefs, the island of Providencia and Gayraca Bay near
Santa Marta, using eDNA and underwater visual census (UVC) methods. We collected
a large quantity of surface water (30 L per filter) above the reefs and applied a meta-
barcoding protocol using three different primer sets targeting the 12S mitochondrial
DNA, which are specific to the vertebrates Actinopterygii and Elasmobranchii. By
assigning eDNA sequences to species using a public reference database, we detected
the presence of 107 and 85 fish species, 106 and 92 genera, and 73 and 57 families
in Providencia and Gayraca Bay, respectively. Of the species identified using eDNA,
32.7% (Providencia) and 18.8% (Gayraca) were also found in the UVCs. We further
found congruence in genus and species richness and abundance between eDNA and
UVC approaches in Providencia but not in Gayraca Bay. Mismatches between eDNA
and UVC had a phylogenetic and ecological signal, with eDNA detecting a broader
phylogenetic diversity and more effectively detecting smaller species, pelagic spe-
cies and those in deeper habitats. Altogether, eDNA can be used for fast and broad
biodiversity surveys and is applicable to species-rich ecosystems in the tropics, but
improved coverage of the reference database is required before this new method

could serve as an effective complement to traditional census methods.
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1 | INTRODUCTION

Coral reefs represent the most diverse marine ecosystems on
the planet (Fisher et al., 2015) and are also the most threatened
(Williams et al., 2019). Due to their structural complexity, they host
a large diversity of fish species, from tiny cryptic species to large mi-
gratory species (Collins et al., 2019; Darling et al., 2017). Because of
this high species diversity, coral reefs have generally been difficult to
inventory using traditional survey methods (Plaisance et al., 2011).
Moreover, global changes, including exploitation, pollution, or cli-
mate change, are degrading biodiversity on reefs (Cinner et al., 2016;
Descombes et al., 2015), but it is difficult to quantify and monitor
these impacts because describing species diversity and composi-
tion is generally demanding (Costello et al., 2015; Mora et al., 2008).
The monitoring of the biodiversity of coral reefs under global
changes could benefit from novel solutions with lower costs and
broader applicability complementing traditional methods (Thomsen
et al,, 2012; West et al., 2020).

Traditionally, monitoring fishes on coral reefs has been per-
formed using underwater visual censuses (UVC) or video surveys
(Stat et al., 2019), which offer a partial view of the dynamics of reef
biodiversity, from their degradation under global changes to their
recovery (Bozec et al., 2011; Cinner et al., 2016). These methods
are limited in both spatial and temporal coverage and are biased
toward certain categories of species (Boussarie et al., 2018). UVC is
traditionally used to monitor fish diversity on coral reefs (Samoilys
& Carlos, 2000). However, besides logistical difficulties to orga-
nize underwater sampling in remote locations, UVC can suffer
from several observer biases, such as overlooking cryptobenthic
(Bozec et al., 2011) or wideranged species such as sharks (Juhel
et al., 2018). One of the most effective approaches to circumvent
the limitations of traditional survey methods in highly diverse eco-
systems is environmental DNA (eDNA) metabarcoding (Cilleros
et al., 2019; Gomes et al., 2017). eDNA is a noninvasive method
demonstrating higher detection capabilities and cost-effectiveness
compared to traditional methods, especially when deployed in re-
mote locations (Dejean et al., 2011; Kelly et al., 2014; Thomsen &
Willerslev, 2015). Before it can effectively complement traditional
sampling methods, the ability of eDNA to recover signals of diver-
sity and composition of marine systems should be evaluated.

Animals leave DNA traces in the environment (Deiner et al., 2017),
which may persist from hours to days and can be detected in water
samples (Collins et al., 2019; Thomsen et al., 2012). Water filtering fol-
lowed by a molecular protocol to amplify and sequence target DNA
can be used to recover animal DNA present in a given site. Sequences
are then taxonomically assigned using a genetic reference database,

which provides an integrative inventory of species and composition

biodiversity, biomonitoring, Caribbean Sea, environmental DNA, reef fishes, underwater visual

in aquatic systems (Deiner et al., 2017; Harrison et al., 2019). A recent
synthesis counted 54 papers on tropical eDNA, whereas only 15 fo-
cused on marine systems (Bakker et al., 2019; Huerlimann et al., 2020;
Sigsgaard et al., 2019; West et al., 2020). Compared to freshwater sys-
tems, the marine environment has a larger water volume to fish bio-
mass ratio, the movement of molecules in suspension is influenced by
various currents, and reef systems can contain up to hundreds of spe-
cies, which might challenge the detection of individual species (Collins
et al., 2019; Hansen et al., 2018; Harrison et al., 2019). Several appli-
cations demonstrated that eDNA can recover multiple components
of marine ecosystems, including species richness (Jerde et al., 2019),
seasonal composition variation (Djurhuus et al., 2020), rare species
(Weltz et al., 2017), abundance or biomass (Knudsen et al., 2019;
Thomsen et al., 2016), and the occurrence of invasive species (Nevers
et al., 2018). Nevertheless, a range of methodological challenges still
hampers the broad use of eDNA for the reliable monitoring of ma-
rine ecosystems, linked to the choice of markers (Collins et al., 2019;
Freeland, 2017), primers sets (Stat et al., 2017), laboratory and se-
quencing protocols (Deiner et al., 2017; Goldberg et al., 2016), and bio-
informatic analyses (Calderén-Sanou et al., 2020; Juhel et al., 2020),
which implies further testing of the eDNA methodology in situ.
Tropical ecosystems have historically been underrepresented in
research (Collen et al., 2008), and increased monitoring efforts in
these regions are urgently needed, particularly under ongoing global
change (Barlow et al., 2018). Different abiotic conditions and high
species richness might challenge the application of eDNA in the
tropics (Huerlimann et al., 2020; Jerde et al., 2019). Studies of eDNA
on coral reefs have shown a strong potential for biodiversity detec-
tion (Nguyen et al., 2020; Sigsgaard et al., 2019; West et al., 2020),
but the scope of methodological testing remains narrow. Dibattista
et al. (2017) used fish-specific 16S mitochondrial DNA to monitor
fish diversity in the Red Sea, but captured only a fraction of the local
fish species pool. Stat et al. (2019) compared the signal of eDNA
with observations from baited videos and detected >30% more
generic richness using the combination of approaches than when
either method was used alone. Sigsgaard et al. (2019) used eDNA
with fish-specific 12S mitochondrial DNA across a network of sites
in the Gulf of Oman and recovered sequences from a diverse as-
semblage of marine vertebrates, which covered approximately one-
third of the bony fish genera previously recorded in this area. Using
a combination of markers, West et al. (2020) detected a wide range
of organisms and showed that their composition varied significantly
between habitats across an entire island in the Coral Sea. Hence,
attempts to survey tropical marine fish assemblages using eDNA
are yielding increasingly informative results, supporting the use of
seawater to trace the molecular signatures of biodiversity for mon-

itoring purposes.
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Here, we compared the compositional patterns of the fish commu-
nity using eDNA metabarcoding and UVCs in two different reef ecosys-
tems in the Colombian Caribbean, the oceanic island of Providencia and
Gayraca Bay in the Tayrona National Natural Park near Santa Marta.
We investigated (a) whether the species recovered with three differ-
ent sets of 125 primers are complementary and consistent with species
recovered with UVC; (b) whether there is a correspondence between
species richness within each genus and family recovered using both
eDNA and UVC, as well as a correspondence between the number of
reads within each genus and family and the number of individuals; and
(c) whether the divergence between biodiversity recovered with eDNA
and UVC has a phylogenetic or ecological component. Additionally, we
explored (d) the signal of f diversity across eDNA samples by analyzing

the compositional species dissimilarity between geographic locations.

2 | METHODS
2.1 | Study areas

The study focuses on two regions of Colombia, the island

of Providencia and the Tayrona National Natural Park, with

e,
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extensive coral reef habitats (Figure 1, Table S1). Providencia is
located in the southwestern Caribbean Sea and is included in the
UNESCO Seaflower Biosphere Reserve of Colombia. This island,
which is part of the San Andres, Providencia, and Santa Catalina
Archipelago, comprises a complex barrier reef on a calcareous
platform surrounding an extinct Miocene volcano (Sanchez
et al., 1998). The high habitat diversity provides a wide range of
substratum types and coral reefs (Geister, 1992; Marquez, 1987),
which shape the diversity, abundance, and distribution of
coral reef fishes (Mejia & Garzdén-Ferreira, 2000). The Tayrona
National Natural Park is located along the continental Colombian
Caribbean coast bordering the Sierra Nevada de Santa Marta.
Tayrona Park has a heterogeneous coastal topography composed
of metamorphic rocks, with numerous rocky headlands, islets,
and bays (Garzon-Ferreira & Diaz, 2003). Coral and other hard-
bottom communities are distributed along the coast, mainly as
fringing reefs, while seagrass beds, mangroves, and coral reefs
have developed to some extent in sheltered conditions within the
bays (Garzén-Ferreira & Cano, 1991). The study was carried out
in Gayraca Bay, where corals on the exposed side exhibit mainly
massive to encrusting growth forms with colonies and a reef-like

structure.

9 2 4 coiomBIA
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FIGURE 1 Areaof eDNA sampling and underwater visual census (UVC) observations in (a) Providencia and (b) Tayrona National Natural
Park. The magenta points indicate the sampling locations for the UVC at each of the chosen localities. The lines, yellow points, and purple
squares indicate the transects filtered at each of the chosen localities. Source: Laboratorio de Sistemas de Informacién LabSIS, INVEMAR,

Claudia Correa
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2.2 | Underwater visual censuses

Divers conducted underwater visual censuses, using scuba
equipment to survey the composition and abundance of fishes
in Providencia and in Gayraca Bay. The surveys were performed
during multiple years: 2000-2003, 2006-2007, and 2017 in
Providencia and 1999-2011, 2013, and 2017 in Tayrona National
Natural Park. Data were collected using the 30-min timed rov-
ing diver fish survey method for the established depths, 4-10 m
in Providencia, and 8-14 m in Gayraca, inventorying all the ob-
served species and estimating abundances in categories follow-
ing the Coral Reef Monitoring System (SIMAC) methodology
(CARICOMP, 1994, 1997, 2001; Garzén-Ferreira et al., 2002).
In cases of fish schools abundance was estimated in tens. Four
censuses per station were implemented, resulting in a total of
120 min of sampling in each monitoring event. In Providencia, the
survey was performed in eight different habitats within the reef
complex (Figure 1) and included a total of 4,200 min of sampling.
Furthermore, seagrass habitats were also sampled in four 30-min
roving diver visual surveys within a predefined area of 2,500 m?.
In Tayrona National Natural Park, the survey was performed in
two different habitats comprising the exposed and protected reefs
of Gayraca Bay (Figure 1), and it included a total of 3,600 min of
sampling. Scientific names of species follow the Catalog of Fishes
(Fricke et al., 2020), classification follows Fricke et al. (2020) for
Elasmobranchii and Betancur et al. (2017) for Actinopterygii. To
obtain a representative level of species diversity and abundance in
the two regions (Providencia and Gayraca), we pooled values over

multiple years and averaged abundances.

2.3 | eDNA field sampling, in situ
filtration and treatment

For Providencia, we sampled two filtration replicates from each of
10 stations near the island, for a total of 20 water samples, from 29
to 15 July 2018. In Gayraca Bay, we sampled two filtration replicates
from each of six stations, for a total of 12 water samples, from 23 to
26 October 2018. We sampled eDNA in situ using a filtration device
composed of an Athena® peristaltic pump (Proactive Environmental
Products LLC; nominal flow of 1.1 L/min), a VigiDNA® 0.22 uM
cross-flow filtration capsule (SPYGEN) making it possible to filter a
large water volume, and disposable sterile tubing for each filtration
capsule. Two filtration replicates were performed in parallel, one on
each side of the boat, at each station for 30 min, corresponding to a
water volume of 30 L. At the end of each filtration, the water inside
the capsules was emptied and the capsules were filled with 80 ml of
CL1 conservation buffer (SPYGEN) and stored at room temperature.
We followed a strict contamination control protocol in both field and
laboratory stages (Goldberg et al., 2016; Valentini et al., 2016). Each
water sample was processed using disposable gloves and single-use

filtration equipment.

2.4 | DNA extraction, amplification, and high-
throughput sequencing

DNA extraction, amplification, and sequencing were performed in
separate dedicated rooms equipped with positive air pressure, UV
treatment, and frequent air renewal. Two extractions per filter were
performed following the protocol of Pont et al. (2018). For DNA ex-
traction, each filtration capsule, containing the CL1 buffer, was agi-
tated for 15 min on an S50 shaker (cat Ingenieurbiiro™) at 800 rpm.
The buffer was then emptied into two 50-ml tubes before being cen-
trifuged for 15 min at 15,000 g. The supernatant was removed with
a sterile pipette, leaving 15 ml of liquid at the bottom of each tube.
Subsequently, 33 ml of ethanol and 1.5 ml of 3 M sodium acetate
were added to each 50-ml tube and stored for at least one night at
-20°C. The tubes were then centrifuged at 15,000 g for 15 min at
6°C, and the supernatants were discarded. After this step, 720 pl of
ATL buffer from the DNeasy Blood & Tissue Extraction Kit (Qiagen
GmbH) was added to each tube. Each tube was then vortexed, and
the supernatant was transferred to a 2-ml tube containing 20 pl
of Proteinase K. The tubes were finally incubated at 56°C for 2 hr.
Subsequently, DNA extraction was performed using NucleoSpin®
Soil (MACHEREY-NAGEL GmbH & Co.) starting from step 6 and fol-
lowing the manufacturer's instructions, and two DNA extractions
were carried out per filtration capsule. The elution was performed
by adding 100 pl of SE buffer twice. The two DNA samples were
pooled before the amplification step. After the DNA extraction, the
samples were tested for inhibition following the protocol described
in Biggs et al. (2015). If a sample was considered inhibited, it was
diluted fivefold before the amplification. DNA amplifications were
performed in a final volume of 25 pl, using 3 pl of DNA extract as the
template. The amplification mixture contained 1 U of AmpliTaq Gold
DNA Polymerase (Applied Biosystems), 10 mM Tris-HCI, 50 mM KClI,
2.5 mM MgCl,, 0.2 mM of each dNTP, 0.2 uM of each primer, 4 uM
human blocking primer for the “teleo” primers (Civade et al., 2016),
and 0.2 pg/ul bovine serum albumin (BSA, Roche Diagnostic).

We used three different primer sets, targeting chondrich-
thyans (ChonO1, forward: -ACACCGCCCGTCACTCTC, reverse:
-CATGTTACGACTTGCCTCCTC),teleosteans(teleo/Tele01,forward:
-ACACCGCCCGTCACTCT, reverse: -CTTCCGGTACACTTACCATG)
and more generally vertebrates (Vert0O1, forward: -TAGAACAGGCTC
CTCTAG, reverse: -TTAGATACCCCACTATGC) (Taberlet et al., 2018;
Valentini et al., 2016). Mean markers lengths were 44 bp for
Chond01, 64 bp for teleo, and 97 for VertO1. These three primer
sets were 5'-labeled with an eight-nucleotide tag unique to each
PCR replicate for teleo and unique to each sample for the other two
primer pairs (with at least three differences between any pair of
tags), allowing the assignment of each sequence to the correspond-
ing sample during sequence analysis. The tags for the forward and
reverse primers were identical. The PCR mixture was denatured at
95°C for 10 min, followed by 50 cycles of 30 s at 95°C, 30 s at 55°C
for teleo and VertO1 and 58°C for ChonO1, 1 min at 72°C, and a

final elongation step at 72°C for 7 min. Twelve PCR replicates were

142



POLANCO FERNANDEZ €T AL.

Environmental DNA — Wl LEYJJ

run per filtration, that is, 24 per sampling site. After amplification,
the samples were titrated using capillary electrophoresis (QlAxcel;
Qiagen GmbH) and purified using the MinElute PCR purification kit
(Qiagen GmbH). Before sequencing, purified DNA was titrated again
using capillary electrophoresis. The purified PCR products were
pooled in equal volumes to achieve a theoretical sequencing depth
of 1,000,000 reads per sample. Three libraries were prepared using
the MetaFast protocol (Fasteris). For two libraries, a paired-end se-
quencing (2 x 125 bp) was carried out using an Illumina HiSeq 2500
sequencer on a HiSeq Rapid Flow Cell v2 using the HiSeq Rapid SBS
Kit v2 (lllumina) and on a MiSeq (2 x 125 bp) with the MiSeq Flow Cell
Kit v3 (lllumina), following the manufacturer's instructions. Library
preparation and sequencing were performed at Fasteris. Four neg-
ative extraction controls and two negative PCR controls (ultrapure
water, 12 replicates) were amplified per primer pair and sequenced

in parallel to the samples to monitor possible contaminants.

2.5 | OBITools filtering analyses for taxonomic
assignments

Following sequencing, reads were processed to remove errors and
analyzed using programs implemented in the OBITools package
(http://metabarcoding.org/obitools, Boyer et al., 2016) based on a
previous protocol (Valentini et al., 2016). The forward and reverse
reads were assembled with the ILLUMINAPAIREDEND program,
using a minimum score of 40 and retrieving only joined sequences.
The reads were then assigned to each sample using the NGSFILTER
software. A separate data set was created for each sample by split-
ting the original data set into several files using OBISPLIT. After
this step, each sample was analyzed individually before merging
the taxon list for the final ecological analysis. Strictly identical
sequences were clustered together using OBIUNIQ. Sequences
shorter than 20 bp, or with fewer than 10 occurrences were ex-
cluded using the OBIGREP program. The OBICLEAN program was
then run within a PCR product. All sequences labeled “internal,”
which most likely correspond to PCR substitutions and indel errors,
were discarded. Taxonomic assignment of the remaining sequences
was performed using the ECOTAG program with the NCBI reference
sequence (www.ncbi.nlm.nih.gov, release 233, downloaded on 11
October 2019). Considering the assignment of a few sequences to
the wrong samples due to tag jumps (Schnell et al., 2015) and index
hopping (MacConaill et al., 2018), all sequences with a frequency
of occurrence <0.001 per taxon and per library and all sequences
with an occurrence of <0.0006 per taxon in the RapidRun were
discarded. Sequences with <100 reads in each sample were also
discarded. These thresholds were empirically determined to clear
all reads from blanks and controls and were included in our global
data production procedure as suggested in De Barba et al. (2014).
After the filtering pipeline, the extraction and PCR negative con-
trols were completely clean, and no sequence reads remained in

those samples.
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2.6 | SWARM clustering analyses for MOTU
identification

For the teleo primer set only, we used a second bioinformatics work-
flow based on sequence clustering using SWARM, an algorithm
that groups multiple variants of sequences into MOTUs (Molecular
Operational Taxonomic Units; Mahé et al., 2014; Rognes et al., 2016).
Reads were assembled using VSEARCH (Rognes et al., 2016), then
trimmed using CUTADAPT (Martin, 2013) and clustered using
SWARM (Mahé et al., 2014). The clustering algorithms use sequence
similarity and co-occurrence patterns to delineate meaningful en-
tities, by grouping together sequence variants generated due to
PCR and sequencing errors. Sequences were first merged using
VSEARCH. CUTADAPT was then used for demultiplexing and primer
trimming, and sequences containing ambiguities were removed with
VSEARCH. SWARM was run with a minimum distance of one mis-
match to make clusters. Once MOTUs were generated, the most
abundant sequence within each cluster was used as a representa-
tive sequence for taxonomic assignment. A postclustering curation
algorithm (LULU; Fraslev et al., 2017) was then applied to curate the
data. The taxonomic assignment was performed using the ECOTAG
program against the NCBI database. The taxonomic level of assign-
ment was determined based on the results of the ECOTAG algorithm
program and the percentage of similarity between the sequences in
the sample and those in the reference database. After the cluster-
ing, bioinformatic filters were applied to remove PCR- or sequenc-
ing-related errors and nonspecific amplifications: (a) removal of
amplicons with <10 reads per PCR, (b) removal of the nonspecific
amplifications (nonfish), (c) removal of the amplicons whose size was
not in the range of the targeted sequence (50-75 bp), (d) removal
of all sequences found in only one PCR in the entire data set, and
(e) cross-sample contamination cleaning by removing amplicons with
<1/1,000 reads per PCR run (i.e., tag jumps; Schnell et al., 2015)
and occurring in only one PCR run from a single sample (Ficetola
et al., 2015). We corrected for tag jumps following the same proce-
dure as for the OBITools workflow.

2.7 | Taxonomic comparison of eDNA and
underwater visual censuses

For both pipelines, taxonomic assignments were corrected to avoid
over-confident assignment outputs from ECOTAG: We only vali-
dated identification for 100% (species level), 90%-99% (genus level),
or 85%-99% (family level) identity matches, when possible. Using
the outputs of the OBITools pipeline, we compared the species, gen-
era, and families recovered by eDNA to those recorded by UVC in
Providencia and Gayraca Bay. We first compared the overlap in the
list of species, genera, and families recovered with each of the three
12S primers targeting vertebrates, Actinopterygii and Elasmobranchii.
Second, we evaluated whether the species, genera, and families recov-
ered with the three eDNA primers matched the species recorded by
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UVC. Complementary to the UVCs, we used the checklist of Bolafios-
Cubillos et al. (2015) for Providencia and the compilation of species
of SIMAC for Tayrona National Natural Park. These surveys were not
performed at the same time as the eDNA, but represent in-depth, up-
to-date knowledge of the species in the two regions. We further com-
pared the species recorded by eDNA with other species distribution
sources, including a compiled set of species distribution maps for the
Caribbean region (Robertson & Van Tassell, 2019).

We analyzed whether detection differences between eDNA and
UVC represented a phylogenetic signal and were associated with
ecological traits. We performed this analysis at the genus level be-
cause the coverage of the reference database at the species level
was sparser. We excluded all genera not represented in the refer-
ence database (10 genera were not detected with eDNA, were not
in the reference database, but were detected in UVCs). We classified
the remaining genera into (a) detected in eDNA only, (b) detected in
UVCs only, and (c) detected in both. Because eDNA detection can
be influenced by ecological features that are phylogenetically con-
served, we first computed the phylogenetic signal of taxa recovered
from eDNA and UVCs using the D-statistic (Fritz & Purvis, 2010) as
implemented in the R package “caper.” A negative value indicates that
the phylogenetic pattern in the binary trait is extremely clumped on
the tree, whereas a positive value indicates an overdispersed signal.
A value around zero means that the trait is distributed on the tree as
if it had evolved following a Brownian model (Fritz & Purvis, 2010).
We used the distribution of 100 super-trees (Rabosky et al., 2018)
pruned at the genus level. Next, we related detection classes to a set
of ecological traits assembled for each species and aggregated at the
genus level. Ecological traits were gathered from FishBase (Froese
& Pauly, 2018) and included body size (small <15 c¢cm, medium and
large >40 cm), trophic guild (carnivore, herbivore, piscivore, plankti-
vore), position in the water column (benthopelagic, demersal, pelagic,
reef-associated, pelagic), home range mobility (sedentary, mobile,
highly mobile), and schooling behavior (of a single of two individual,
schools of 3-20 individuals, schools of >20 individuals). Based on
these traits, we calculated a gower distance matrix between genera
and constructed a trait space using a Principal Coordinates Analysis
(PCoA). We mapped and estimated the trait volume recovered by
each method to identify the differences between eDNA and UVCs.
We plotted trait modalities as ellipses encompassing 90% of the gen-

era of each modality.

2.8 | Diversity, abundance, and spatial variation in
eDNA samples

We used the MOTU outputs from the SWARM protocol to perform
diversity and composition analyses that did not strictly depend on
completeness of the reference database. For the UVCs, we pooled
species composition across multiple censuses and averaged the
number of individuals per species and per region across the differ-
ent sampling years. We evaluated the correspondence in species
richness and abundance between eDNA and UVC. We performed

a spearman correlation between the number of MOTUs per genus
and per family and the number of species per genus and per family
recorded by UVC. Next, we performed a spearman correlation be-
tween the number of reads per genus and per family and the number
of individuals per genus and per family estimated by UVC. To per-
form the comparison between the number of reads and the number
of individuals, values were scaled to between O and 1 before the
analyses.

We also investigated the differences in eDNA composition be-
tween the sampling stations in Providencia and Gayraca Bay together
and within Providencia separately. From the MOTU presence-ab-
sence matrix, we calculated a Jaccard distance matrix. To ordinate
the compositional differences between the eDNA samples collected
in both sampling sites, we performed a PCoA on this distance matrix.
Using the same method, we performed a second PCoA analysis to
investigate the compositional difference between the eDNA sam-
ples collected in the Providencia sampling stations. Sampling around
this island covered multiple sites, following a gradient from sheltered
locations to very exposed areas to marine currents. For each PCoA,
we reported the explained deviance of each axis and mapped the
ordination values in the geographic space.

We further calculated the pairwise Jaccard's dissimilarity index
(Anderson et al., 2011; g
MOTUs between (a) Providencia and Gayraca Bay and (b) between

jac) of the compositional difference in
the west and east coast of Providencia. This index is expressed as:
/ijac =b + c/a + b + c, where a is the number of MOTUs present in
both sites, b is the number of MOTUs present in Providencia but
not in Gayraca, and c is the number of MOTUs present in Gayraca
Bay but not in Providencia. /}jac ranges from 0 (MOTU composition
does not differ between sites) to 1 (MOTU composition is com-
pletely different between sites). We applied the partitioning frame-
work proposed by Baselga (2012), which consists of decomposing
/i]ac, into two additive components, replacement and nestedness.
The MOTU replacement component describes MOTU replacement
without the influence of a difference in MOTU richness between
sites ([JthI
(Bine = Bjac = Pjr,) accounts for the fraction of dissimilarity caused by

= 2 min (b, ¢)/a + 2 min (b, c)). The nestedness component

a difference in MOTU richness.

3 | RESULTS

3.1 | Comparison between eDNA primers using
OBITools

For Providencia, we detected a total of 107 different species when
all three primer sets were used. We detected 53 species using the
teleo primers, 74 species using the VertO1 primers, and five spe-
cies exclusively of Elasmobranchii using the Chon01 primers. Using
the teleo and VertO1 primers together we detected all 107 spe-
cies, whereas we detected 53 species when the teleo and Chon01
primers were used together and 80 when the VertO1 and ChonO1

primers were used together. We detected 19 species in common
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between the teleo and Vert01 primers, five between the teleo and
ChonO01 primers, and none between the VertO01 and Chon01 prim-
ers. The identified families included Chaenopsidae, Gobiesocidae,
Labrisomidae, Blenniidae and Gobiidae, which constitute the ma-
jority of cryptobenthic species. Among the detected species, we
found the Caribbean reef shark (Carcharhinus perezii; Figure 2a), the
Atlantic sharpnose shark (Rhizoprionodon terraenovae) and the great
hammerhead shark (Sphyrna mokarran), all of which are characterized
by elusive behavior. We further found species such as Erotelis smar-
agdus, a demersal dweller of brackish and marine waters that has not
been reported before in the Archipelago.

In Gayraca Bay, we detected 85 species using the teleo and
VertO1 primer sets. No species were identified with the Chon01
primers. Out of the 85 detected species, we identified 18 with both
primer sets, 39 with teleo only and 65 with Vert01 only. In particular,
we identified the family Narcinidae, which was the only chondrich-
thyan family detected using the teleo primer and was not identified
using the ChonO1 primers. We additionally detected cryptoben-
tonic families such as the Bleniidae, Gobiesocidae, Labrisomidae,
Apogonidae, and Gobiidae. At the genus level, Entomacrodus, a
monospecific (Entomacrodus nigricans) cryptobenthic genus in the
Caribbean, was among those detected with the VertO1 primers. At
the species level, notable detected species included the goldspot
goby (Gnatholepis thompsoni) and the rusty goby (Priolepis hipoliti;
Figure 2d).

FIGURE 2 Montage of pictures of
emblematic species detected using eDNA
but not observed in the underwater visual
surveys. (a) The Caribbean reef shark
(Carcharhinus perezii), (b) the goldentail
moray (Gymnothorax miliaris), (c) the
bigeye scad (Selar crumenophthalmus),

(d) the rusty goby (Priolepis hipoliti), ()
the orangespotted goby (Nes longus),

(f) the green razorfish (Xyrichthys
splendens). Pictures: Juan David Gonzélez
Corredor
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3.2 | Comparison of species detection between
eDNA and UVC

A total of 113 species were recorded in the UVCs around Providencia.
Using all three primers together, with eDNA we detected 35 (31%) of
the 113 species that were observed in the UVCs. Out of these species,
we detected 20 with the teleo primers, 25 with the Vert01 primers and
2 with the Chon01 primers. On the other hand, we detected 72 species
with eDNA that were not observed during the UVCs. Overall, 41 out
of 106 genera detected with eDNA were also recorded by UVC. We
recorded some reef-associated species, such as the yellowhead wrasse
(Halichoeres garnoti) and the blue chromis (Chromis cyanea), with both
UVC and eDNA, while we detected typical cryptobenthic species, such
as the dwarf blenny (Starksia nanodes), the island goby (Lythrypnus nesi-
otes), and the mimic cardinalfish (Apogon phenax) only with eDNA. The
detection of these species or other taxa by eDNA is supported by their
known occurrence in Providencia based on species range maps and a
local checklist (Tables S2-54).

A total of 57 species were recorded during the UVCs in Gayraca
Bay. Using all three primers together, we detected 16 (28%) of these
57 species. Out of these species found with both UVC and eDNA,
we detected 7 with the teleo primer, 14 with the VertO1 primer, and
none with the Chon01 primer. On the other hand, we detected 85
species with eDNA that were not observed during the UVCs. Out
of the 92 genera detected by eDNA, 24 were also observed during
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FIGURE 3 Phylogenetic and functional bias detection using underwater visual census and eDNA. (a) one of the 100 phylogenetic trees
pruned at the genus level from the super-trees of Rabosky et al. (2018). (b) The trait space obtained by performing a PCoA (percentage of
inertia, axis 1: 24.4% and axis 2: 15.4%) on a set of ecological traits assembled for each species and aggregated at the genus level. The dark
grey polygon represents the trait space covered by genera sampled by eDNA, whereas the light grey polygon represents the trait space
covered by genera sampled by UVC. On the trait space, we drew an ellipse representing 90% of the points belonging to a trait category for
the following traits: body size (small <15 cm, medium and large >40 cm), trophic guilds (carnivore, herbivore, piscivore, planktivore), position
in the water column (benthopelagic, demersal, pelagic, reef-associated, pelagic), schooling behaviour (small groups of 1 or 2 individuals,
medium groups of species gathering in schools of 3-20 individuals, schooling species of >20 individuals). In all plots, orange circles
represent genera detected by the eDNA sampling method only, red by UVC only, and blue by both methods

the UVCs. Of these, 8 and 16 were detected using the teleo and
Vert01 primers, respectively. We found some reef-associated spe-
cies with both UVC and eDNA, such as the Spanish hogfish (Bodianus
rufus), the yellowtail damselfish (Microspathodon chrysurus), and the
yellow goatfish (Mulloidichthys martinicus), while we detected typical
cryptobenthic species, such as the rusty goby (P. hipoliti; Figure 2d),
the dusky cardinalfish (Phaeoptyx pigmentaria), and the spotfin goby
(Oxyurichthys stigmalophius) only with eDNA. The detection of these
species or other taxa by eDNA is supported by their known oc-
currence in Tayrona Park based on species range maps and a local
checklist (Tables S5-57).

3.3 | Comparison of species richness and
abundances between eDNA MOTUs and underwater
visual surveys

We performed the aggregation into MOTUs using the teleo prim-
ers, as the bioinformatics clustering pipeline using SWARM has only
been developed and fully tested with this primer (Juhel et al., 2020;
Marques et al., 2020). In Providencia, the eDNA clustering pipe-
line identified 227 distinct MOTUs, and we detected an average of
26.2 + 12.6 MOTUs per filter. Altogether, we detected 53 species,
76 genera, and 50 families by comparing MOTUs to the reference

database. In Gayraca Bay, the eDNA clustering pipeline identified
189 distinct MOTUs. We detected an average of 12.9 + 6.9 MOTUs
per sample. Altogether, we detected 35 species, 52 genera, and 42
families by comparing MOTUs to the reference database.

We tested the correlation between species richness and num-
bers of MOTUs in Providencia and Gayraca Bay (Figure S1). In
Providencia, we found a significant correlation between the number
of species per genus and the number of MOTUs per genus (Spearman
correlation test, n = 30, p = .37, p = .04). The genera Urobatis, Scarus,
and Hypoplectrus were identified as outliers in these correlations.
We found a weaker correlation between the number of species per
family and the number of MOTUs per family (n = 23, p =.33,p =.13).
The number of individuals was also correlated with the number of
MOTU reads per genus (n = 30, p = .4, p = .03, Figure S2). The gen-
era Canthigaster, Halichoeres, Scarus, and Sparisoma were outliers
in this relationship. The number of individuals and the number of
MOTU reads per family also showed a significant positive correlation
(n =23, p = .45, p = .03), with Tetraodontidae and Labridae as out-
liers. In Gayraca Bay, we found no correlation between the number
of species per genus and the number of MOTUs per genus (n = 13,
p =.1, p =.75). The number of species per family versus the num-
ber of MOTUs per family showed no correlation (n = 12, p = -.04,
p = .91). We also found no correlation between the number of indi-
viduals and the number of MOTU reads per genus (n = 13, p = .04,
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p = .9). Finally, there was not a significant correlation between the
number of individuals and the number of MOTU reads per family in
this region (n =12, p = .28, p = .38).

3.4 | Ecological and phylogenetic distribution of
species detection

We investigated the ecological and phylogenetic distributions of
detection considering all genera recorded by either eDNA or UVC
and also included in the reference database. We examined the
phylogenetic signal of the detection in either eDNA, UVC, or both.
For the genera detected by UVC, we found an average D-statistic
of 0.18 + 0.1 across the 100 trees, indicating that the clustering
of genera identified by this monitoring technique is not different
than expected under a Brownian model (p = .28 + .12; Figure 3a).
In contrast, for the genera detected by eDNA, we found an aver-
age D-statistic of 1.16 + 0.15, indicating that these taxonomic units
detected by eDNA are widely distributed across the phylogenetic
tree, as expected under a model of random phylogenetic signal
(p = .66 + .18; Figure 3a).

We related the detection classes to ecological traits using PCoA.
The percentage of inertia of the first axis of the PCoA was 24.4%,
while the percentage of inertia of the second axis was 15.4%. We
found that a large proportion of ecological traits was covered by
the two sampling methods, even if UVC detected a smaller num-
ber of genera than eDNA. eDNA was better at detecting large pi-
scivore and pelagic species belonging to genera such as Istiophorus,
Euthynnus, Decapterus, Acanthocybium, and Strongylura, but also
smaller planktivorous species of Sardinella, Cetengraulis, Lycengraulis,
and Engraulis (Figure 3b). eDNA further detected more small and
bottom-associated species represented by the genera Liopropoma,

Hypsoblennius and Arcos.

3.5 | Spatial variation in eDNA MOTUs

We investigated MOTU composition dissimilarity among samples
and found marked differences between the eDNA samples col-
lected in Providencia and those from Gayraca Bay, but also between
samples from opposite sides of the island of Providencia. The PCoA
performed on both Providencia and Gayraca Bay explained a large
fraction of the total inertia (50%), with 41.2% for the first axis and
8.8% for the second axis (Figure 4), and it showed a marked differ-
ence in composition between the two Caribbean sites. The pairwise
Jaccard's dissimilarity index calculated between Providencia and
Gayraca Bay reached a value of 0.71, meaning that the two sites
present a high dissimilarity. The two regions had only 93 MOTUs in
common out of the total of 323 identified. The difference in MOTU
composition between the two regions was mainly explained by turn-
= 0.04). The
second PCoA, focusing on samples collected off the west and east

over (ﬁjtu = 0.67), while the nestedness was low (ﬁjne

coasts of Providencia, explained 42.6% of the total data set inertia,
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with 25.6% for the first axis and 17% for the second axis. We found
marked differences in eDNA composition between the eastern and
western sides of the island (Figure S3). When exploring the differ-
ence between the west and east coast of Providencia, we found that
the MOTU composition differed moderately (/3jac =0.27) and 97.6%
of the f;,. was turnover (ﬁjtu = 0.267; p;,. = 0.006). The two sides
of the island had 165 MOTUs in common out of the total of 227
identified. With more taxa, the western side included some species
typically associated with complex habitats of seagrasses and reef
patches, such as the hogfish (Lachnolaimus maximus) and Sygnathus

sp.

4 | DISCUSSION

We showed that eDNA metabarcoding can provide a comprehensive
overview of fish composition in two highly diverse tropical marine
reefs of Colombia. UVCis traditionally used to monitor fish diversity
on coral reefs (Samoilys & Carlos, 2000). However, besides logisti-
cal difficulties to organize underwater sampling in remote locations,
UVC can suffer from several observer biases, such as overlooking
cryptobenthic (Bozec et al., 2011) or wideranged species such as
sharks (Juhel et al., 2018). Compared with UVCs performed over two
decades (1999-2017), the eDNA surveys from one year detected a
large fraction of the fish species diversity, including many species
that were not recorded during UVCs, and covered a wider fraction of
the phylogeny and ecological space of the ichthyofauna. Moreover,
we showed that eDNA has a marked spatial signal, both between
the two investigated regions and within the Providencia region, sup-
porting future local habitat monitoring of reefs using eDNA (West
et al., 2020). Together, our analyses support the use of eDNA as an
approach for the fast monitoring of highly diverse tropical marine
ecosystems. In an eDNA study using a different marker (CO1) to
detect fish, Nguyen et al. (2020) likewise showed that eDNA meth-
ods are efficient in detecting small taxa that would be undetected
in traditional surveys, while also accurately describing biodiversity
patterns in adjacent tropical habitats.

Environmental DNA detected many species recorded by UVC,
as well as cryptic species known to occur regionally. The major-
ity of the species detected by eDNA in Providencia and Gayraca
Bay, 67.2% and 81.2%, respectively, were not detected by UVC.
Similarly, 61.7% and 81.7% of genera and 59.0% and 78.9% of
families detected by eDNA were absent from UVC records in
Providencia and Gayraca Bay, respectively. The species occur-
rences detected by eDNA but not by UVC are most likely genu-
ine, as those species are known from complementary sources to
occur in Providencia or in Tayrona National Natural Park (Table S2;
Bolafios-Cubillos et al., 2015; Robertson & Van Tassell, 2019).
While both methods jointly detected some abundant reef fishes,
such as the brown chromis (Chromis multilineata), the bicolor
damselfish (Stegastes partitus), and the yellow goatfish (M. mar-
tinicus), eDNA alone detected species within the Chaenopsidae,
Labrisomidae and Gobiidae, mainly cryptobenthic clades that are
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difficult to observe with UVC (Brandl et al., 2018). Further, eDNA
sampling delivered potential new records of species for the stud-
ied areas. In particular, the eDNA detection of the blue hamlet
(Hypoplectrus gemma) constitutes the first record of the species
in the south of the Greater Caribbean, and the detection of the
smooth-eye blenny (Starksia atlantica) the first record in the north-
western Caribbean. The redeye parrotfish (Sparisoma axillare) has
previously mainly been reported in the southeastern Caribbean
but was detected with eDNA in both sample sites of this study, ex-
panding the known distribution range of the species. While these
records require further validation, our results suggest that, be-
yond providing a comprehensive assessment of local biodiversity,
eDNA offers a novel approach to document more accurately the
biogeographic range of species.

Because some taxa were detected by eDNA but not by UVC,
and vice versa, we further analyzed the difference in detection
between the two approaches. As the most obvious cause of dis-
crepancy, species and genera found in the UVCs but not detected
in the eDNA were missing from the reference database. We found
that 60% of the genera that were recorded during UVCs but not
detected by eDNA were not in the reference database extracted
from NCBI, highlighting that the reference database is central
to effective eDNA monitoring (DiBattista et al., 2017). Overall,
eDNA analysis led to the recovery of a larger number of genera,

covering a larger fraction of the phylogenetic tree and of the

ecological space of fishes (Figure 3). The fish on coral reefs tend
to be phylogenetically diverse, with representatives of multiple
families (Leprieur et al., 2016). We found that the genera detected
using eDNA had a wide spread across the fish phylogenetic tree,
while the genera observed during UVCs were phylogenetically
clumped. Our results suggest that eDNA surveys are more repre-
sentative than UVCs of the entire phylogenetic diversity of fishes
on coral reefs. We found a positive correlation in diversity and
abundance between the two sampling approaches in Providencia
but not in Gayraca Bay. While the UVC sampling effort was high
in Providencia, with eight UVCs targeting different habitats, the
effort was lower in Gayraca Bay, where only two sites were sam-
pled, which could explain the difference in signal between regions.
Together, this indicates a general limitation of the comparison pro-
posed in this study, that we do not know the true compositions and
abundances, as both sampling approaches involve some level of
bias. Longer term, synchronous eDNA sampling and video record-
ing could provide further validation of eDNA (Stat et al., 2019).
Besides species diversity, eDNA is also expected to provide
information on the spatial distribution of species assemblages
across different habitats (Nguyen et al., 2020; West et al., 2020). In
agreement with findings from previous studies (Closek et al., 2019;
Nguyen et al., 2020) and in contrast to the idea that eDNA would be
largely redistributed in a more open marine system (Diaz-Ferguson
& Moyer, 2014), we found a clear spatial structure in the eDNA
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composition. Indeed, our approach captured marked differences be-
tween Gayraca Bay and Providencia, but also more locally between
the east and west coasts of Providencia, corresponding to variation
in habitat. The island of Providencia is composed of various habi-
tats, and the eastern side is more exposed than the western one
(Coralina-Invemar, 2012). Geomorphological diversity of the coral
reef system, added to the combination of oceanic influences and
terrigenous contributions from the island, lead to high variety in un-
derwater environments and coastlines (Diaz et al., 2000). We found
that the eastern side of the island has a species composition domi-
nated by species associated with reef habitats, such as the blackear
wrasse (Halichoeres poeyi) and the redtail parrotfish (Sparisoma
chrysopterum); the western side is characterized by species asso-
ciated with lagoon complexes covered with extensive patches of
seagrass meadows alternating with small coral reef patches, such
as the seagrass eel (Chilorhinus suensonii) and the blackfin cardinal-
fish (Astrapogon puncticulatus). Our results align with those of West
et al. (2020), who observed marked eDNA compositional differences
between habitats in the Cocos Islands of Australia, and suggest that
coastal eDNA can be localized in marine environments.

eDNA metabarcoding is now widely employed in various aquatic
ecosystems (Deiner et al., 2017), but some uncertainties remain as
regard to sampling design (Valentini et al., 2016) and the choice of
markers (Collins et al., 2019; Stat et al., 2017) and bioinformatics pipe-
line (Calderén-Sanou et al., 2020; Juhel et al., 2020). We tested three
different primer sets for the 12S region looking for fish taxa, but we
did not find a universal marker able to detect all taxa. The teleo primer
generally performed best, as it was able to retrieve many teleost spe-
cies, as well as five of the six species of Elasmobranchii also detected
with the ChonO1 primer in Providencia and one taxa of the same group
at the family level in Gayraca. Nevertheless, the teleo primer did not
recover some of the species that were recovered by the VertO1 primer
(54 vs. 74 in Providencia and 39 vs. 64 in Gayraca), while the Vert01
primer did not recover a few species only found with the teleo primer
(33 and 21 for Providencia and Gayraca, respectively). Hence, as this
stage of primer development and testing, it appears that a multiprimer
approach is required to capture of the entire diversity of a site (West
et al., 2020). Moreover, because we found many Elasmobranchii with
the teleo primer, a specialized primer for Elasmobranchii might not be
needed and could be replaced by the more ubiquitous teleo primer.
In that regard, teleo is an exception among eDNA primers because
other sets, such as the MiFish primers, do not amplify Elasmobranchii
(Bylemans et al., 2018; Miya et al., 2015).

A mayor limitation of eDNA is the lack of completeness of the
reference database. Yet, a high coverage of the reference database
is crucial to allow future accurate identification of species assem-
blages. In fact, many species recorded by UVC were not recovered
with eDNA simply because they were not represented in the ref-
erence database. In order to fully exploit the potential detection
power of eDNA metabarcoding, a vast effort is needed to improve
taxonomic coverage of reference databases (Schenekar et al., 2020;
Weigand et al., 2019). Addressing these important database gaps

requires analyses that are not based solely on species assignment.
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We generated MOTUs using SWARM to get an indication of the
expected overall biodiversity. However, while some MOTUs per-
fectly delineate true biological species without the need of a ref-
erence sequence, a fraction of these MOTUs also represent errors
stemming from PCR and sequencing, overestimating true diversity
(Morgan et al., 2013; Reeder & Knight, 2009), while clustering might
also bind together distinct closely related species, underestimating
true diversity (Huse et al., 2010). Thus, procuring a taxonomically
comprehensive database with high-quality sequences and accurate
data curation steps is crucial for producing robust and reproducible
ecological conclusions from eDNA metabarcoding methods (Collins
et al., 2019; Weigand et al., 2019).

Alternative ways to survey marine biodiversity beyond UVCs and
unbiased evaluations of the ecosystem components are needed, as
these provide a baseline for the management of marine protected
areas (Stat et al., 2019). eDNA metabarcoding is becoming a more
accessible method that generates reliable information for ecosystem
surveillance and could prove valuable in marine monitoring programs
(Lacoursiére-Roussel et al., 2016). Here, we show that eDNA quickly
provides a detailed picture of fish diversity and composition in two
marine protected areas of Colombia, which can be used for future
monitoring and management of these sites (Balint et al., 2018).
Despite water exchange in coastal marine systems, eDNA signals are
localized on coral reefs, which is promising for monitoring the health
status of these ecosystems. Repeated observations of eDNA mea-
surements at multiple stations in these areas will facilitate assess-
ment of the status and ultimately trends in biodiversity, particularly
in response to disturbance events associated with climate change
(Berry et al., 2019) or pollution (Bagley et al., 2019). Our results fur-
ther highlight the importance of establishing a complete reference
database for eDNA analyses, as many of the sequences could not be
attributed to a particular genus or species. As shown for lake ecosys-
tems (Hanfling et al., 2016), eDNA could become an important com-

plement to traditional UVCs for monitoring coral reef biodiversity.
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1. Préface

La vitesse et I'ampleur du changement global requiérent une capacité de suivi de la biodiversité
fortement supérieure aux efforts fournis actuellement a la fois dans la rapidité et I'exhaustivité.
L'utilisation d’'une méthode ne nécessitant pas de personnel qualifié pour les préléevements ainsi que
d’une logistique légere sur le terrain comme avec ’ADNe metabarcoding a le potentiel de permettre
une échelle d’observation de la biodiversité jamais atteinte auparavant. Le chapitre 4 a montré que
I’ADNe est une méthode adaptée méme aux milieux marins tropicaux hyper-divers, avec une capacité
de recensement des poissons supérieure aux transects en plongée et aux observations par vidéo, ou
deux échantillons ADNe détectent autant de diversité spécifique que 25h de vidéos. L'ADNe détecte
aussi des groupes taxonomiques et fonctionnels couramment ratés par les méthodes traditionnelles,
apportant des informations importantes sur la structure des communautés dans les écosystemes depuis
les organismes les plus abondants jusqu’aux especes les plus rares et souvent occultées par les

méthodes de recensements classiques.

Les applications de I’ADNe en milieu marin se limitent généralement a I'échelle locale, parfois
régionale. Aucune étude n’a été menée a grande échelle ou n’a utilisé les avantages de ’ADNe pour
tester des hypothéses écologiques d’assemblage des communautés. La méthodologie générant des
unités taxonomiques moléculaires développée au chapitre 3 pour s’affranchir de la couverture
taxonomique des bases de référence offre une alternative permettant de répondre a des questions a
I’échelle biogéographique. Les récifs coralliens sont des écosystémes tres riches en especes de poissons
(2 400 a 8 000 especes) dont la diversité est tres structurée spatialement, permettant de tester le

potentiel du metabarcoding de '’ADNe a large échelle.

Ce chapitre vise a (i) présenter une étude pilote sur la distribution des fragments d’ADNe des
poissons a large échelle, (i) comparer la capacité de détection de ’ADNe avec la plus grande base de
données de transects en plongées sur les récifs corallins et (iii) tester des hypotheses d’assemblages des
communautés a travers |'étude de la rareté et du partitionnement de la diversité a différentes échelles

spatiales.

On montre ici que les fragments d’ADNe sont capables de retrouver les patrons bien connus de
la biogéographie des poissons coralliens, avec une diversité plus élevée au niveau du triangle de corail
et décroissante en s’en éloignant. Avec un nombre de familles et de MOTUs détectés plus élevé avec

I’ADNe qu’avec les transects, I'’ADNe retrouve les mémes patrons de stabilité des proportions de familles
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au sein des récifs coralliens : moins de 10% des MOTUs sont assignés a des Caranguidae ou Serranidae
et entre 10 et 20% sont assignés a des Labridae qu’importe la richesse de chaque site, ce qui cohérent
avec des études précédentes a I'échelle de I'Indo-Pacifique (Bellwood and Hughes 2001). L'étude du
partitionnement de la diversité inter-échelles montre que ’ADNe révéle plus de beta-diversité inter-
stations que les plongées, ce qui indique que "ADNe est potentiellement plus apte a discerner des
différences de communautés a fine échelle grace a une capacité de détection plus élevée pour les
especes rares. Ces résultats révelent le fort potentiel de I’ADNe pour les suivis de biodiversité et pour

I'intégration de ces données standardisées dans un observatoire global.

2. Manuscrit E
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Abstract
The increasing speed and magnitude of global change requires effective approaches to monitor the

world’s biodiversity. While remote sensing and automated receptors allow instantaneous observations
of habitats and physical environments, similar biodiversity monitoring over equivalent scales has not
been possible to date, particularly in the vast ocean. Here, we demonstrate the capacity of
environmental DNA (eDNA) metabarcoding from water samples to reconstruct well-known patterns of
fish diversity on one of the most diverse and threatened ecosystems on the planet, coral reefs.
Additionally, eDNA reveals a higher fish species (16%) and family (50%) diversity than estimates
obtained with a dataset of standardized underwater visual surveys carried out at 20x more sites. eDNA
also shows that fish species dissimilarity among adjacent coral reefs is higher than detected with visual
surveys and that rarity is more prevalent than previously thought. Our study demonstrates how
sequencing DNA from water samples provides a rapid and effective approach to characterize and
monitor coral reef fish diversity, and to uncover hidden patterns. eDNA approaches can be applied by
large research consortia and non-experts, providing the foundation for a global observatory network for
efficiently tracking the effects of global change and providing a new lens for testing ecological

paradigms.

Main text

Decrypting the diversity of life on Earth from organisms to ecosystems requires multiple layers of
information across scales, only now becoming possible using high throughput approaches from novel
molecular methods?. Our present understanding of the world’s changing biodiversity is minute
compared to that of the earth’s physical environment obtained through remote sensing and automated
monitoring systems>*. Environmental DNA (eDNA) metabarcoding, a method retrieving and analyzing
DNA naturally released by organisms in their environment®, has the potential to revolutionize the
monitoring of biodiversity®. eDNA has proven particularly useful for aguatic ecosystems’ and is now well
established for microorganisms?®. By contrast, its potential to provide an integrated biodiversity
assessment of macro-organisms, including vertebrates of high trophic level, has not yet emerged at

large spatial scale.

Intensifying global changes, such as overexploitation, pollution and climate warming, are impacting the
distribution and diversity of vertebrates more rapidly than our monitoring capacity can cover using
classical surveys®, particularly in the under investigated global ocean'®. Marine vertebrates are the main
targets of fisheries! and are especially sensitive to pollution*? and climate change with many species on
the brink of extinction®**. We thus need more efficient, large-scale, replicable, real-time biodiversity

monitoring to inform rapid transition from knowledge to conservation action?. High-throughput eDNA

160



metabarcoding may provide the only means to obtain global synoptic snapshots of biodiversity over the
sub-yearly time scales that have only been possible previously for physical variables. However, validation
is needed before broad-scale systematic application of eDNA protocols, to better appreciate how these

new approaches compare with classical biodiversity observation systems.

Coral reefs host the highest fish diversity on Earth despite covering less than 0.1% of the ocean’s surface
but are also severely threatened®. Data syntheses over decades of surveys estimate the total number
of coral reef fishes from 2,400 to 8,000 species'®?’, distributed among approximately 100 families®®.
Typically, this diversity of coral reef fishes displays clear spatial patterns, including longitudinal and

1920 3s0 known as the ‘coral triangle’

latitudinal gradients which peak in the Indo-Australian Archipelago
with the world’s highest level of marine diversity?!. The proportions of fish species among families are
strongly conserved across the Indo-Pacific19. The spatial diversity gradient in coral reef fishes is also
marked by strong variations in taxonomic composition (species turnover or B diversity), dominated by
species replacement across space??, with many species on coral reefs being rare and geographically

localized, yet sometimes locally abundant?.

Coral reef fishes have also evolved in a physically complex environment and present a wide range of
forms and functions?*%. Small cryptic species that live inside the reef structure can be very difficult to
sample or survey using non-destructive methods. Such ‘cryptobenthic’ fishes represent half of fish
diversity on coral reefs?® but are missed by most classical surveys?’. Even though fish are among the
best-studied taxa inhabiting coral reefs?®, our knowledge of this biodiversity is only partial?®; the
taxonomy is complex and uncertain for many described species'® and countless species remain to be
described. eDNA represents an opportunity to not only better understand classical biodiversity patterns,
but also uncover novel ones hidden by our incomplete taxonomic and biogeographic knowledge.

Here, we investigated how a global snapshot of hierarchically sampled eDNA could describe the
distribution of fish diversity on coral reefs. We generated 504,457,267 raw 12S ribosomal DNA (rDNA)
sequence reads from 251 samples (2,693 PCR replicates) collected at 25 sites in 145 stations covering
five regions across the Indian, Pacific and Atlantic Oceans (Extended Data Fig. 1). Bioinformatic quality
control® produced a final dataset of 335,223,143 sequence reads (see Methods), clustered into 2,160
molecular operational taxonomic units (MOTUs), which were taxonomically assigned to Actinopterygii
(bony fishes) and Chondrichthyes (cartilaginous fishes) taxa (Extended Data Table 1) using a public
genetic reference database (see Methods). We then compared diversity patterns obtained from eDNA
to those observed in the most extensive global data set of standardized visual surveys of reef fishes

(Reef Life Survey, visual census data®!). Visual census data include observations of all fish species
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recorded on shallow coral reefs, including crypto-benthic species, and have previously been used to

describe global patterns in reef fish biodiversity32.
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Figure 1 | Estimations of overall fish richness from environmental DNA (eDNA) and visual census. a,
accumulation curve of molecular operational taxonomic units from eDNA (eDNA MOTUs), b,
accumulation curve of species from the visual census database, ¢, accumulation curve of eDNA families,
d, accumulation curve of visual census families. For a-d, Species accumulation model is fitted according
to Lomolino method (see methods). e, linear regression (black line) between the number of species per
family in visual census data and the number of MOTUs per family in eDNA (log(x+1) transformation)
over n = 77 families. Each point is a family. Red line is x=y. f, percentage of MOTUs assigned to each

family at global scale, and proportion in each region.
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Estimates of fish biodiversity on coral reefs

We estimated fish diversity from the asymptote of a multi-model accumulation curve for both eDNA
MOTUs>? and visual census species (see Methods). Estimates obtained from 145 eDNA stations sampled
over a 28-month period show that detectable fish diversity is 16% higher (asymptote at 2,789 MOTUs,
Fig. 1a) than the equivalent estimate from the visual census data, which reaches an asymptote at 2,403
fish species from 2813 transects surveyed during 13 years (Fig. 1b). The asymptotic estimation of family
richness obtained with eDNA reaches 177 families, 50% more than the asymptotic number of families
estimated with visual census data (118 families, Fig. 1 c,d). Among the 71 families shared between both
datasets, 25 have a higher number of MOTUs from eDNA than species from visual census (Fig. 1e). These
families with more taxa detected using eDNA include those often associated with reef-adjacent habitats
such as mangroves or soft sediments like Mugilidae, Elopidae and Gerreidae3*, and cryptobenthic
species that live hidden in crevices like Gobiescocidae or nocturnal species like Congridae®. eDNA also
reveals higher richness of pelagic and wide-ranging species, with 10x more of these taxa observed than
with visual census. These include members of Scombridae, Clupeidae, Carcharhinidae and Belonidae
(Extended Data Fig. 2). Many pelagic fish likely avoid divers or are not resident on the reef for long
enough to be consistently detected during visual surveys®. As eDNA is rapidly degraded in tropical
inshore waters”*’, we assume the eDNA signal comes from individuals present in close proximity to the
station. Thus, the detection of species not typically considered as coral reef fishes reveals their use of
reef habitats from time to time3. Nevertheless, some evidence suggests that eDNA from pelagic fishes
degrades slower than from inshore species®’, and the detection of some deep-water families (e.g.
Myctophidae) additionally suggests that eDNA might disperse sufficiently with sea currents such that
species immediately adjacent to reef habitats are detected. Whether and how such taxa (under-
detected by classical surveys) contribute to reef ecology, through pelagic larval stages or nocturnal

migration up the reef slope3>*

represents an interesting avenue of further studies.

MOTU richness per family retrieved with eDNA closely matches fish species richness within families
recorded in visual census data (Pearson correlation = 0.84, p < 0.001, n = 71, Fig. 1e). Highly diverse
families seen on coral reefs are also well represented in eDNA, with Gobiidae, Labridae and
Pomacentridae containing more than 100 MOTUs each, together representing about 18% of MOTUs
(Fig. 1f, Extended Data Figs. 3 and 4). Both approaches recover highly congruent taxonomic diversity
gradients. However, our eDNA-based survey allows a faster compilation of fish diversity on coral reefs,

and removes some limitations of traditional visual surveys.
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Figure 2 | Geographic patterns of fish MOTUs. a, mean MOTUs (left) and mean Family (right) richness
per station in each site + standard deviation (empty circles and vertical bars), total site richness (filled
triangles) and total region richness (empty diamonds) as a function of the distance from the center of
the coral triangle (in km); the vertical dashed line represents the delimitation between the Indo-Pacific
and the Atlantic Ocean basins. Kruskal-Wallis test showed significant differences in site MOTU richness
between regions (Dunn post-hoc test showed Central Indo-Pacific and South-West Pacific richest than
the three other regions). b, proportion of MOTUs assigned to some of the most represented families, in
each site, as a function of total MOTU richness of the sites. Families were selected among most
represented strictly reef-associated, pelagic and cryptobenthic families. Upper and lower lines are
bootstrapped 95% confidence limits based on random selection of species from the total species pool.

Biogeography of eDNA metabarcoding sequences
The spatial distribution of MOTUs follows clear and well-known biogeographic patterns, with a peak in
the coral triangle and lower values of MOTU richness toward the Central Pacific (Fig. 2a, Kruskal Wallis

test among sites: p < 0.001, n=25, Dunn test of pairwise comparisons: p < 0.001). The richest region
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sampled in this study (Lengguru, Indonesia, Central Indo-Pacific) contains ~50% of the global pool of fish
MOTUs while the poorest regions (Fakarava, French Polynesia, Central Pacific) contains only 11% of the
global pool (Extended Data Fig. 5a and Table 2). The proportion of MOTUs belonging to the best-
represented families is similar among the sites, suggesting family stability across space, regardless of
local diversity (Fig. 2b). The proportion of MOTUs per family lies within confidence intervals predicted
by random allocation of species in each site from the global pool of MOTUs (Fig. 2b). The pattern of
family stability shown across the Indo-Pacific’® can thus be generalized towards the Atlantic Ocean
(Caribbean) hosting the similar richest families: Gobiidae, Labridae, Pomacentridae and Apogonidae
(Fig. 1f, Extended Data Fig. 6). This global pattern of family stability across space supports the hypothesis

that large-scale assembly rules determine species composition of coral reef fishes!¥

as the proportion
of MOTUs within family in each site could be simply predicted from a random allocation of MOTUs from
the global pool. This pattern also indicates a complementarity for essential ecosystem functions
performed by these families on the reefs in each site?®, and also a highly variable level of redundancy in
the functions performed by species within families among sites with species-poor sites potentially more
vulnerable to functional extinction?®. Our results suggest that eDNA can recover the signature of

ecological and evolutionary processes on the spatial organization of diversity on coral reefs globally and

can also inform conservation strategies.

Global patterns of fish rarity and turnover

Our eDNA sampling shows that a majority of MOTUs are rare and geographically localized, with 80% of
the MOTUs detected in only one region (Fig. 3a), and 30% in only one site (Extended Data Fig. 7). We
hierarchically partition the global MOTU diversity (vgiobal) into additive diversity components (i.e.
dissimilarity) due to differences between regions (Binter-region), Mean differences between sites within
regions (B intersite), Mean differences between stations within sites (B inter-station) and mean station diversity
(A station)*2. As a consequence of the rarity of most MOTUs, the total fish MOTU (y) diversity is mainly due
to inter-regions B-diversity (~74.5%) followed by inter-sites (14%) and inter-stations (7%) B-diversity
(Fig. 3b). This result reflects a predominant role of large-scale bioregional differentiation which explains
the exceptional fish diversity on coral reefs, probably associated with long-term geological isolation®.
For example, the Caribbean region has a very distinct MOTU composition compared to the four other
regions with only 1.5% of MOTUs being shared between the Caribbean and any other region while 21%
of MOTUs are shared between at least two Indo-Pacific regions. The isolation of the Caribbean region
can be explained by hard vicariant barriers (continents) from the other regions, and a limited suitable
area for coral reefs during the past quaternary glaciation, while the Indo-Pacific maintained extensive

coral reef refuges that have served as centres of survival during ice periods®.
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Spatial patterns of dissimilarity based on eDNA data generally match those obtained with visual census
data, except for the inter-station B-diversity, where eDNA reveals higher values (Table 1, Extended Data
Fig. 8c-d). This result implies that visual census tends to detect similar subsets of species among multiple
transects within a single reef site, while eDNA reveals greater differences in composition among stations
within sites. This local compositional dissimilarity of reef fishes among adjacent stations is greater than
previously found and may correspond to local environmental or habitat differences, but also stochastic

or random processes**°

or potential differences in the spatial signal of eDNA. This marked local
dissimilarity promotes regional diversity and is critical to coral reef resilience at the site level in the
context of ever-increasing disturbances?. If the positive influence of local species diversity on coral reef
functioning is well-demonstrated®’, that of local B-diversity remains to be investigated, but could be

more important than anticipated from patterns based on classical non-destructive survey methods.

Table 1 | Partitioning of different subsets across spatial scales. Partitioning for MOTUs assigned to
cryptobenthic families, pelagic families and to species level.

Yglobal Binter—region ﬂinter—site ﬂinter—station astation
Cryptobenthic 275 77% 14.7% 5.5% 2.8%
MOTUs
Pelagic MOTUs 171 74.3% 13.5% 7.7% 4.5%
eDNA MOTU 388 69.5% 14.1% 9.4% 7%
Visual census 1786 88.2% 8.3% 0.9% 2.6%
Species

Beyond the hierarchical partitioning of diversity, we compared the distribution of fish MOTUs and
species visual occurrences independently of the survey method and effort using global species
abundance distributions (gSAD)*. gSADs provide a way to test several theories of community assembly
rules at large scale. For example, the unified neutral theory of biogeography (UNTB)*, stipulating that
each individual’s prospects of death and reproduction are equivalent whatever the species it belongs to
within a given trophic group, would produce a gSAD converging towards a log-series distribution at large
scale but also a power or Pareto distribution with a slope B = -150. These two distributions can be
combined into a generalized Pareto distribution with exponential finite adjustment where the slope B
is allowed to vary (see Methods). We fitted the fish MOTU and species visual occurrences to these three
distributions (log-series, Pareto and Pareto with exponential finite adjustment (i.e. Pareto Bended) and
estimated the parameters by maximum likelihood. For the visual census gSAD, the best fit was obtained
with the Pareto and Pareto Bended distributions (Extended Data Table 3) with a slope significantly

higher than -1 in both cases (Fig. 4). This suggests fewer rare species than under the neutral theory
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which is rejected as in previous tests based on species abundances on coral reefs®. By contrast, the best
fit was obtained with the log-series and the Pareto Bended distributions for fish MOTUs, the latter with
a slope B =-1.03 (confidence interval at 95% [-1.12 ; -0.94]), indicating the same prevalence of rarity as
under the UNTB. Therefore, MOTU gSAD suggests that neutral processes within trophic groups,
underpinned by per capita equivalence among species and individuals, cannot be excluded as potential

legitimate explanations for the assembly of fishes on the world’s coral reefs.
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Figure 4 | The distribution of the total number of global observations per fish species. a,
Distribution of MOTU occurrences across stations, log-transformed (yellow points). b,
Distribution of visual census occurrences across transects (black points), log-transformed. For
both distributions, three abundance distribution models were fitted: Log-series (left), Pareto
(middle) and Pareto-bended (with exponential finite adjustment) (right). Slope, confidence
interval of the slope (Cl) and AIC of the models are given.
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Conclusion and biogeography implication

Over a timespan of 28 months, eDNA sampling in major tropical ocean basins has allowed validation of
classic biogeographic patterns and theories of species and family diversity in coral reef fishes, which
previously required decades of previous surveys to uncover. This first circumglobal test of marine eDNA
confirms the important future role that eDNA can play in mapping biodiversity at short time scales over
large spatial scales. This includes establishing biodiversity monitoring for coral reefs on time-scales that
are more compatible with the increasing speed and magnitude of global change, and the potential to
better understand and account for seasonal variability®2. Our eDNA approach has also revealed diversity
beyond the current state of taxonomic knowledge of coral reef fishes. If census survey observations are
limited to shallow coral reef habitats, eDNA allows the study of greater depths including mesophotic
reef ecosystems®. By capturing DNA signals as MOTUs, rather than being constrained to separating taxa
based on taxonomic descriptions and visual distinctions, the approach may further unveil new aspects
of ecology and evolution. Our study generalizes our ability to use eDNA not only for ubiquitous
microorganisms with widespread, abundant cells in seawater®, but also for more elusive and less
abundant vertebrates, opening application toward the monitoring of the entire food webs. Obtaining
occurrence data on more taxa covering all levels of food webs will allow ecosystem modelers to build
more complete networks of interactions among trophic levels and to move from an incomplete node-
MOTU based biodiversity description to a node-link description, enabling the reconstruction of

networks of ecological interactions®3.

Our study provides strong impetus for the development of a global marine observatory based on
massive water sampling for eDNA, as it can easily be sampled by non-experts>*. Improving knowledge
of the effects of threats to the marine environment depends on temporal and global monitoring of
biodiversity using low cost data collection methods, ideally with wide scientific consortia and public

engagement in research®>, as now offered by eDNA technology>*°®.

Data availability
The data necessary to reproduce figures and results in this study will be publicly archived following best-
practice guidelines, and can be available to editors and reviewers at the time of submission upon

request.
Code availability

All code used to conduct the study will be available in a GitHub repository if accepted and is available to

editors and reviewers at the time of submission upon request.

169



Main references

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

Bork, P. et al. Tara Oceans studies plankton at Planetary scale. Science. 348, 873-875 (2015).
Cordier, T. et al. Ecosystems monitoring powered by environmental genomics: A review of current
strategies with an implementation roadmap. Mol. Ecol. May, 1-22 (2020).

Zellweger, F., De Frenne, P., Lenoir, J., Rocchini, D. & Coomes, D. Advances in Microclimate Ecology
Arising from Remote Sensing. Trends Ecol. Evol. 34, 327-341 (2019).

Bohan, D. A. et al. Next-Generation Global Biomonitoring: Large-scale, Automated Reconstruction
of Ecological Networks. Trends Ecol. Evol. 32, 477-487 (2017).

Taberlet, P., Coissac, E., Hajibabaei, M. & Rieseberg, L. H. Environmental DNA. Mol. Ecol. 21, 1789—
1793 (2012).

Beng, K. C. & Corlett, R. T. Applications of environmental DNA (eDNA) in ecology and conservation:
opportunities, challenges and prospects. Biodivers. Conserv. 29, 2089—-2121 (2020).

Harrison, J. B., Sunday, J. M. & Rogers, S. M. Predicting the fate of eDNA in the environment and
implications for studying biodiversity. Proc. R. Soc. B Biol. Sci. 286, 1-9 (2019).

De Vargas, C. et al. Eukaryotic plankton diversity in the sunlit ocean. Science (80-. ). 348, 1-11
(2015).

Makiola, A. et al. Key Questions for Next-Generation Biomonitoring. Front. Environ. Sci. 7, 1-14
(2020).

Lenair, J., Bertrand, R., Comte, L. & ... L. B. Species better track climate warming in the oceans than
on land. Nat. Ecol. Evol. 4, 1044-1059 (2020).

Palomares, M.-L. D. & Pauly, D. Chapter 32 - Coastal Fisheries: The Past, Present, and Possible
Futures. Coasts and Estuaries (2019).

Besson, M. et al. development and survival via thyroid disruption. Nat. Commun. 11, 1-5 (2020).
Young, H. S., Mccauley, D. J., Galetti, M. & Dirzo, R. Patterns, Causes, and Consequences of
Anthropocene Defaunation. Annu. Rev. Ecol. Evol. Syst. 47, 333-358 (2016).

Albouy, C. et al. Global vulnerability of marine mammals to global warming. Sci. Rep. 10, 1-13
(2020).

Cinner, J. E. et al. Meeting fisheries, ecosystem function, and biodiversity goals in a human-
dominated world. Science. 368, 307-311 (2020).

Victor, B. C. How many coral reef fish species are there? Cryptic diversity and the new molecular
taxonomy. in Ecology of fishes on coral reefs 76—88 (Cambridge University Press, Cambridge, 2015).
Siqueira, A. C., Morais, R. A., Bellwood, D. R. & Cowman, P. F. Trophic innovations fuel reef fish
diversification. Nat. Commun. 11, 1-11 (2020).

Bellwood, D. & Wainwright, P. The history and biogeography of fishes on coral reefs. in Coral Reef
Fishes: Dynamics and Diversity in a Complex Ecosystem (ed. Sale, P.) (2002).

Bellwood, D. R. & Hughes, T. P. Regional-scale assembly rules and biodiversity of coral reefs.
Science. 292, 1532-1534 (2001).

Pellissier, L. et al. Quaternary coral reef refugia preserved fish diversity. Science. 344, 1016-1020
(2014).

VERON, J. E. N. et al. Delineating the Coral Triangle. Galaxea, J. Coral Reef Stud. 11, 91-100 (2009).
Bender, M. G. et al. Isolation drives taxonomic and functional nestedness in tropical reef fish
faunas. Ecography. 40, 425—-435 (2017).

Hughes, T. P., Bellwood, D. R., Connolly, S. R., Cornell, H. V. & Karlson, R. H. Double jeopardy and
global extinction risk in corals and reef fishes. Curr. Biol. 24, 29462951 (2014).

Mouillot, D., Villéger, S., Parravicini, V., Kulbicki, M. & Arias-gonzalez, J. E. Functional over-
redundancy and high functional vulnerability in global fish faunas on tropical reefs. PNAS 111,
13757-13762 (2014).

Bellwood, D. R., Goatley, C. H. R. & Bellwood, O. The evolution of fishes and corals on reefs: Form,
function and interdependence. Biol. Rev. 92, 878-901 (2017).

Brandl, S. J., Goatley, C. H. R., Bellwood, D. R. & Tornabene, L. The hidden half : ecology and
evolution of cryptobenthic fishes on coral reefs. Biol. Rev. 93, 1846—1873 (2018).

170



27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

Alzate, A., Zapata, F. A. & Giraldo, A. A comparison of visual and collection-based methods for
assessing community structure of coral reef fishes in the Tropical Eastern Pacific. Rev. Biol. Trop.
62, 359-371 (2014).

Bellwood, D., Renema, W. & Rosen, B. Biodiversity hotspots, evolution and coral reef biogeography:
a review. in Biotic Evolution and Environmental Change in Southeast Asia. 216—245 (Cambridge
University Press, 2012).

Mora, C. Large-scale patterns and processes in reef fish richness. in Ecology of fishes on coral reefs
(Cambridge University Press, Cambridge, 2015).

Marques, V. et al. Blind assessment of vertebrate taxonomic diversity across spatial scales by
clustering environmental DNA metabarcoding sequences. Ecography. 43, 1-12 (2020).

Edgar, G.J. & Stuart-Smith, R. D. Systematic global assessment of reef fish communities by the Reef
Life Survey program. Sci. Data 1, 1-8 (2014).

Edgar, G.J. et al. Abundance and local-scale processes contribute to multi-phyla gradients in global
marine diversity. Sci. Adv. 3, 1-12 (2017).

Juhel, J. B. et al. Accumulation curves of environmental DNA sequences predict coastal fish diversity
in the coral triangle. Proceedings. Biol. Sci. 287, 1-10 (2020).

Castellanos-Galindo, G. A., Krumme, U., Rubio, E. A. & Saint-Paul, U. Spatial variability of mangrove
fish assemblage composition in the tropical eastern Pacific Ocean. Rev. Fish Biol. Fish. 23, 69-86
(2013).

Willis, T. J. & Anderson, M. J. Structure of cryptic reef fish assemblages: Relationships with habitat
characteristics and predator density. Mar. Ecol. Prog. Ser. 257, 209-221 (2003).

Boussarie, G. et al. Environmental DNA illuminates the dark diversity of sharks. Sci. Adv. 4, 1-8
(2018).

Collins, R. A. et al. Persistence of environmental DNA in marine systems. Commun. Biol. 1, 1-12
(2018).

Sambrook, K. et al. Beyond the reef: The widespread use of non-reef habitats by coral reef fishes.
Fish Fish. 20, 903—920 (2019).

Kimmerling, N. et al. Quantitative species-level ecology of reef fish larvae via metabarcoding. Nat.
Ecol. Evol. 2, 306—316 (2018).

Beckley, L. E. et al. Structuring of larval fish assemblages along a coastal-oceanic gradient in the
macro-tidal, tropical Eastern Indian Ocean. Deep. Res. Part Il 161, 105—-119 (2019).

Morais, R. A. & Bellwood, D. R. Pelagic Subsidies Underpin Fish Productivity on a Degraded Coral
Reef. Curr. Biol. 29, 1521-1527 (2019).

Crist, T. O. & Veech, J. A. Additive partitioning of rarefaction curves and species-area relationships:
Unifying a-, B- and y-diversity with sample size and habitat area. Ecol. Lett. 9, 923-932 (2006).
Cowman, P. F. & Bellwood, D. R. The historical biogeography of coral reef fishes: Global patterns of
origination and dispersal. J. Biogeogr. 40, 209—-224 (2013).

Ahmadia, G. N., Tornabene, L., Smith, D. J. & Pezold, F. L. The relative importance of regional, local,
and evolutionary factors structuring cryptobenthic coral-reef assemblages. Coral Reefs 37, 279—
293 (2018).

MacNeil, M. A. et al. Hierarchical drivers of reef-fish metacommunity structure. Ecology 90, 252—
264 (2009).

Wang, S. & Loreau, M. Biodiversity and ecosystem stability across scales in metacommunities. Ecol.
Lett. 19, 510-518 (2016).

Benkwitt, C., Wilson, S. & Graham, N. A. J. Biodiversity increases ecosystem functions despite
multiple stressors on coral reefs. Nat. Ecol. Evol. 4, 916-926 (2020).

Enquist, B. J. et al. The commonness of rarity: Global and future distribution of rarity across land
plants. Sci. Adv. 5, 1-14 (2019).

Hubbell, S. P. The unified neutral theory of biodiversity and biogeography. vol. 32 (2001).

Pueyo, S. Diversity: Between neutrality and structure. Oikos 112, 392—-405 (2006).

Dornelas, M., Connolly, S. R. & Hughes, T. P. Coral reef diversity refutes the neutral theory of
biodiversity. Nature 440, 80—82 (2006).

171



52.

53.

54.

55.

56.

Djurhuus, A. et al. Environmental DNA reveals seasonal shifts and potential interactions in a marine
community. Nat. Commun. 11, 1-9 (2020).

Albouy, C. et al. The marine fish food web is globally connected. Nat. Ecol. Evol. 3, 1153-1161
(2019).

Biggs, J. et al. Using eDNA to develop a national citizen science-based monitoring programme for
the great crested newt (Triturus cristatus). Biol. Conserv. 183, 19-28 (2015).

Irwin, A. CITIZEN SCIENCE COMES OF AGE Efforts to engage the public in research are bigger and
more diverse than ever. But how much more room is there to grow ? Nature 532, 480—482 (2018).
Larson, E. R. et al. From eDNA to citizen science: emerging tools for the early detection of invasive
species. Front. Ecol. Environ. 18, 194—-202 (2020).

172



173



174



Chapitre 6 - Discussion

1. Synthese
1.1. La limitation des bases de référence génétiques

La complétude des bases de références génétiques est I'une des principales limitations dans
I"utilisation du metabarcoding ADNe (Wangensteen et al. 2018, Weigand et al. 2019). Il est cependant
difficile de mesurer I'ampleur du travail restant a accomplir pour atteindre un taux de remplissage
satisfaisant ou complet pour les poissons osseux. Au cours de ces travaux de these, j'ai proposé une
premiére évaluation spatialisée a I'échelle mondiale de la couverture taxonomique des bases de
références génétiques pour 19 marqueurs moléculaires ciblant les poissons marins et d’eau douce
(chapitre 2). Une application online interactive (R shiny) compléte cette évaluation et facilite I'extraction
des données par zone biogéographique, avec le potentiel d’étre étendu a n’importe quel groupe

taxonomique et n’importe quel marqueur.

L’analyse globale de la couverture taxonomique des poissons osseux des bases de référence
génétiques révele que les zones tropicales sont moins séquencées, surtout en milieu d’eau douce, alors
que ce sont les zones ou la diversité en espéces est la plus élevée avec les besoins en conservation les
plus importants (Barlow et al. 2018). Ainsi, moins de 15% des ~32 000 especes de poissons décrites sont
séquencées et amplifiées par la plupart des paires d’amorces sur le gene 12S, reconnu comme le plus
performant et approprié pour les études de metabarcoding des poissons (Collins et al. 2019, Zhang et
al. 2020b). Le marqueur génétique MiFish fait toutefois exception grace a un fort remplissage des bases
de référence ces 5 dernieres années, portant a 8375 espéces (28% du total, version 38) le nombre
d’espéces séquencées sur cette portion du 12S (Miya et al. 2020). Une partie de ce remplissage ciblé
n’apparait pas dans le chapitre 2 car la méthodologie d’extraction des données publiques nécessite la
présence des amorces sur les séquences partagées. L’extension récente de la base de référence pour le
marqueur MiFish effectuée par les équipes est déposée en ligne mais ne présente que la séquence
d’intérét, sans les amorces, et n"est donc pas détectable en utilisant une PCR virtuelle. Ce pourcentage
reste toujours limité pour des études avec une ambition globale, et ne tient pas compte des nombreuses
especes de poissons osseux qui restent a découvrir et a décrire. Pour un taxon aussi charismatique que
le Ceelacanthe, deux especes sont présentement décrites mais une récente analyse génétique émet
I’'hypothése qu’une troisieme espéce pourrait exister, celle-ci aurait divergée de son plus proche parent

il y a 13 millions d’années (Kadarusman et al. 2020). Sur la période 2005 a 2014, c’est environ 400
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nouvelles espéces de poissons osseux par an qui sont décrites (Nelson et al. 2016), et les musées
regorgent de spécimens qu’il reste a examiner (Pinheiro et al. 2019). Ces arguments mettent en
évidence I'important chemin qu’il reste a parcourir pour compléter les bases de références des poissons
avant de pouvoir utiliser ’ADNe a large échelle sur ce groupe taxonomique, et la nécessité de disposer

d’outils permettant de quantifier ces progres.

L'ampleur du travail a réaliser pourrait décourager les écologues d’utiliser le metabarcoding
ADNe tant que ces bases ne sont pas plus remplies et que les limites associées sont importantes. Je cite
ici Jerde et al. (2019), qui déclare « [...] but if we wait for the methods to be further improved before
deploying in areas of conservation concern with greater species richness, we will miss global
opportunities to motivate the protection of rare species and prevent fishery collapses. ». Mais si nous
attendons que des méthodes innovantes comme I’ADNe soient parfaitement opérationnelles avant de
les appliquer, nous risquons de manquer des occasions d’avancer notre compréhension des systémes
écologiques et de faire progresser les stratégies de conservation. Cette vision est en accord avec la
récente décision du GBIF (Aolt 2020) d’implémenter des occurrences basées sur des séquences
génétiques, qu’elles soient ou non agrémentées d’une assignation taxonomique précise a l'espéce
(Andersson et al. 2020). Alors que la complétion totale (ou méme quasi-totale) des bases de références
poissons est relativement irréaliste a court terme et que les besoins de recensement de la biodiversité
et du suivi des écosystémes sont pressants (Diaz et al. 2019a), il est nécessaire d’utiliser des métriques
de biodiversité fiables tout en intégrant le fait que les bases de références sont incompletes. C'était

surement I'enjeu principal de ma these.

On a montré dans le chapitre 3 qu’il est possible d’estimer le nombre d’especes présentes a
I'aide d’unités taxonomiques moléculaires (MOTUs), sans nécessairement parvenir a associer un nom
d’espéce sur chagque MOTU, donc partiellement « en aveugle ». Cette avancée est cruciale car le
chapitre 2 a montré de fortes disparités géographiques en termes de couverture taxonomique des bases
de référence, ce qui biaise fortement les comparaisons du nombre d’espéces ou taxa identifiés entre
régions. Une plus grande richesse en taxa identifiée sur un site par rapport a un autre pourrait aussi
bien représenter une réalité biologique qu’étre un artefact lié a une meilleure complétion de la base de
référence sur un site. Plus du trois quarts des familles de poissons ont au moins une espéce séquencée
avec le marqueur teleo, ce qui rend théoriquement détectables les espéces non séquencées a ce niveau
taxonomique. De nombreuses familles sont extrémement diversifiées en termes de nombre d’espéces,
notamment dans les récifs coralliens (Brandl et al. 2018, Siqueira et al. 2020). Par exemple, la famille
des Gobiidae représente prés de 1 900 espéces décrites réparties dans plus de 200 genres (Froese and

Pauly 2000). En I'absence de mesure quantitative en termes d’unités taxonomiques et sans base de
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référence exhaustive, dénombrer les taxa (hombre de genres, familles, ou ordres) peut donc se révéler
extrémement réducteur (Annexe 1). On peut aisément trouver sur un méme site plus de 20 especes
d’une méme famille qui seraient comptabilisées comme un seul taxa par une approche sans unités
taxonomiques et sans base exhaustive. Par une approche utilisant des unités taxonomiques, il est
possible d’approximer le nombre d’espéces réellement présentes pour chaque genre ou famille sans la
nécessité d’avoir des identifications a I'espéce, et ainsi obtenir de meilleures estimations de la diversité
présente. Cette méthodologie, basée sur le clustering de séquences, ouvre ainsi la voie a I'application
des méthodes de metabarcoding ADNe dans virtuellement toutes les régions du monde, pour proposer
des estimateurs de diversité et de richesse peu biaisés par I'absence de complétude des bases de

référence.

L'analyse des unités taxonomiques moléculaires est également particulierement adaptée a
I’étude des patrons de biodiversité. Il n’est pas toujours nécessaire de connaitre I'identité de toutes les
espéces d’'un assemblage pour analyser la répartition de la diversité entre communautés. En particulier,
le partitionnement de la diversité a différentes échelles spatiales (alpha, beta, gamma) est possible
grace a une approche en unités taxonomiques (MOTUs) comme démontré dans le chapitre 3. En
utilisant toutes les données ADNe collectée sur 25 sites sur les récifs coralliens des 3 bassins océaniens
tropicaux dans le chapitre 5, on a retrouvé les patrons de diversité des poissons marins attendus a
I’échelle biogéographique. On observe un gradient de diversité longitudinal avec une richesse qui
décrofit avec la distance de part et d’autre du triangle de corail (zone géographique située entre la
Malaisie, les Philippines, les lles Salomon et I'Indonésie). L'analyse de la diversité beta a différentes
échelles spatiale (échantillon, récif, site, région, global) met en évidence que la diversité globale en
MOTUs est principalement influencée par la diversité beta inter-régionale, ce qui reflete le réle
prédominant des processus régionaux dans la diversification et le maintien de la diversité en espéeces.
La quantification d’unités taxonomiques moléculaires permet d’accéder a des mesures de biodiversité

fiables en s’affranchissant de la nécessité d’assigner la totalité des séquences au niveau de I'espece.

1.2. Détecter les changements de la biodiversité plus efficacement

Un des arguments les plus fréqguemment employés pour justifier 'emploi de méthodes basées
sur ’ADNe repose sur son aptitude a pouvoir détecter efficacement les changements de biodiversité
qui s’accélerent, notamment en milieu marin (MclLean et al. 2018, Lenoir et al. 2020). Pour que cet
argument soit valable, il faut que les inventaires par méthodes moléculaires présentent une plus-value
par rapport aux méthodes de recensements conventionnelles: de meilleurs résultats, une

complémentarité, ou une performance égale contrebalancée par une facilité opérationnelle. La plupart
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des études convergent pour indiquer que les méthodes ADNe sont au moins identiques,
complémentaires ou supérieures aux méthodes conventionnelles dans leur capacité a détecter
I'ensemble de la communauté sous sa facette taxonomique (McColl-Gausden et al. 2020). Une récente
méta-analyse de toutes les études comparatives entre ADNe metabarcoding et méthodes
traditionnelles renforce ce postulat (McElroy et al. 2020). Les tendances sont trés claires en milieu d’eau
douce pour lesquels 24 études ont examiné plus de 100 sites au total pour comparer les méthodes. Le
milieu marin bénéficie de beaucoup moins d’intérét dans la littérature avec seulement 14 études
examinant 17 sites dans des études comparatives. Pour les deux milieux, les études comparatives dans
les zones tropicales tres riches (> 100 especes) sont extrémement rares, avec seulement 3 sites par
systeme. D’apres ces quelques exemples, on observe que les capacités de détectabilité de I’ADNe en
metabarcoding diminuent au-dela d’une certaine richesse de la communauté (Fig. 1). Ce désavantage
semble lié aux manquements dans les bases de références, qui sont moins complétes dans les régions
tres riches en diversité, plus qu’a une incapacité intrinseque de la méthode a fonctionner dans les
milieux hyper-diverses (Jerde et al. 2019). Alors que les besoins en suivi de communautés sont
extrémement importants dans la zone tropicale, aucun consensus n’a encore émergé sur I'utilité de la

méthode ADNe dans ces écosystemes en raison d’un trop faible nombre d’études.
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Fig. 1. Comparaison de la performance de 'ADNe metabarcoding avec des méthodes traditionnelles
d’aprés les données d’'une méta-analyse de McElroy et al (2020). Au-dessus de O, ’ADNe a enregistré
plus de richesse spécifique, alors qu’en dessous de la ligne O, les méthodes traditionnelles ont enregistré
plus de richesse. La richesse est ici considérée comme le nombre d’especes identifiées, et les méthodes
traditionnelles recouvrent une forte disparité de méthodes et peuvent étre composées d’inventaires
historiques ou bien de mise en ceuvre concomitante sur une zone.
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Nous avons montré que le metabarcoding ADNe est extrémement prometteur pour les
inventaires taxonomiques marins dans les sites récifaux et tropicaux (chapitre 4). Notre étude
comparative utilise des caméras longue durée (~25h de vidéo au total) en paralléle d’un échantillonnage
ADNe afin de capturer la biodiversité présente au méme moment pour s’affranchir de possibles biais
saisonniers ou méme journaliers (Sales et al. 2021). Nous avons montré que I"’ADNe détecte moins
d’espéces identifiées formellement que les caméras (33 contre 50), mais que le nombre d’unités
taxonomiques moléculaires est estimé a 85, ce qui surpasse largement 'inventaire effectué avec les
caméras. De plus, 'avantage de I’ADNe par rapport aux vidéos augmente avec le niveau taxonomique.
Ainsi ’ADNe détecte moins d’espéces identifiées par rapport aux vidéos mais plus de genres et de
familles. Ce constat suggére que la faiblesse de '’ADNe au niveau des espéeces réside principalement
dans le manque de séquences référencées. A une plus large échelle, on a également montré que le
metabarcoding ADNe permet de détecter énormément de diversité taxonomique avec peu d’effort
d’échantillonnage par rapport aux méthodes classiques (chapitre 5). Avec 251 échantillons ADNe (en 28
mois), on a détecté 2160 MOTUs alors que 2813 transects (en 13 ans) ont été nécessaires pour détecter

1887 especes en utilisant les recensements en plongée.

Alors que les changements climatiques agissent a une échelle temporelle extrémement rapide
(Lenoir et al. 2020), il est absolument nécessaire de disposer de méthodes permettant de recenser les
communautés rapidement, efficacement et sans destruction. On montre ainsi que I’ADNe est capable
de répondre a ce défi, avec un effort d’échantillonnage limité et une couverture taxonomique,
notamment en genres et familles, qui est tres large. Par rapport aux transects en plongée, le
metabarcoding ADNe détecte également de plus fines variations de diversité taxonomique aux échelles
locales (chapitre 5). Cela signifie que 'ADNe détecte un signal plus localisé d’espéces couramment
ratées en plongée. Ce type de biais engendre une vision des récifs comme étant plus homogenes qu’ils
ne le seraient en réalité. Ces résultats, associés a d’autres éléments de littérature trop récents pour
avoir été intégrés a la meta-analyse citée précédemment (Nguyen et al. 2019, Valdivia-Carrillo et al.
2019), suggérent que I'ADNe est une méthode fiable pour détecter la biodiversité taxonomique
présente, plus efficace en termes d’effort d’échantillonnage que les méthodes classiques et dont la
principale limitation est la couverture taxonomique en séquences. Dans le cadre d’études de suivi de
biodiversité, la méthode d’ADNe metabarcoding est une option pertinente méme dans les milieux
marins hyper-riches, mais nécessite la mise en place d’une base de référence de séquences locales en

amont pour étre exploitée et interprétée a son plein potentiel.

Il est de plus en reconnu que I'approche taxonomique n’est pas suffisante pour détecter

efficacement des changements de structure dans les communautés (Devictor et al. 2010, McLean et al.
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2018). Les diversités fonctionnelles et phylogénétiques compléetent couramment la facette
taxonomique de la diversité, en prenant en compte les fonctions effectuées par les especes dans
I'’écosysteme et I'histoire évolutive qu’elles représentent. Alors que les méthodes ADNe estiment
correctement la facette taxonomique de la diversité, la capacité d’évaluation des autres facettes
demeure incertaine. Tres peu d’études comparent le potentiel ou les biais des méthodes ADNe sur plus
d’une facette de diversité, et aucune n’a comparé les trois facettes de facon simultanée. Au-dela de Ia
diversité taxonomique, le chapitre 4 a montré que I’ADNe détecte également une diversité fonctionnelle
et phylogénétique plus étendue qu’une approche traditionnelle par vidéo. Cet avantage s’"accompagne
d’une efficacité plus importante en termes d’effort d’échantillonnage, puisqu’un transect ADNe (2
filtres) détecte autant de diversité phylogénétique que 25 heures de vidéo. L'’ADNe détecte plus
efficacement des espéeces appartenant aux groupes fonctionnels pélagiques par rapport aux vidéos,
mais aucune méthode n’exclut totalement un groupe fonctionnel particulier : gros prédateurs, poissons
de récifs ainsi que crypto-benthiques sont tous détectés avec les deux méthodes. Toutefois, I'lle de
Malpelo présente un contexte particulier et agrége une faune diverse sur une petite aire géographique,
surestimant probablement la probabilité de détection d’espéces beaucoup plus difficiles a filmer sur
des récifs plus classiques, comme les gros poissons pélagiques ou les requins. Les résultats d’autres
études s’accordent avec ce constat selon lequel I'ADNe détecte mieux les taxons pélagiques, qui sont
couramment manqués par les méthodes visuelles (Valdivia-Carrillo et al. 2019). L’ADNe est donc capable
d’identifier des espéces présentant une large gamme de traits fonctionnels a I'échelle d’un récif, y
compris les espéces crypto-benthiques vivant sur le fond depuis une filtration en surface, et de recenser
les communautés plus exhaustivement. L'ADNe metabarcoding est donc une méthode adaptée au
recensement rapide de la diversité d’une zone permettant de couvrir toutes les facettes de la diversité

d’une communauté.

1.3. L'ADNe pour traquer les especes menacées ou non-indigenes

Au-dela des estimations de diversité, '’ADNe est particulierement adapté a la détection des
espéces d’intérét, souvent rares, notamment celles inscrites sur la liste rouge de I'lUCN ou les especes
non-indigenes susceptibles de perturber un écosystéme. Alors qu’un MOTU assigné au genre ou a la
famille peut étre suffisant pour étudier la diversité, le suivi d’espéces nécessite une identification
taxonomique précise et ne peut pas bénéficier de ce type d’approche a plus haut niveau taxonomique.
Le chapitre 2 a mis en évidence que méme si les espéces menacées sont proportionnellement plus
représentées que les especes non menacées dans les bases de données, de nombreuses restent non

détectables car non séquencées. L'application GAPeDNA permet de visualiser pour chaque marqueur
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de fagon interactive la liste des espéces séquencées par statut [IUCN et par région biogéographique. Ce
constat est un point de départ indispensable et permet de cibler les efforts de séquencage dans une

région donnée ou un suivi des especes menacées est envisagé.
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Fig. 2. Photos d’espéces ayant été détectées en ADNe alors qu’elles sont élusives ou étaient considérées
disparues localement avec des amphibiens Phasmahyla exilis et P. guttata (A), Megaelosia bocainensis
(B), le mammifére marin Kogia sima (C) et le rat a créte rousse Santamartamys rufodorsalis (D). Crédits :
Lopes et al. (2020) (A, B), Camille Albouy (C) et I'association Proaves (D).

Les exemples issus de la littérature et de mes travaux démontrent un fort potentiel de détection
des especes rares par I'ADNe, qui pourrait bénéficier aux gestionnaires d’écosystemes et aux
organismes travaillant en conservation. Grace a la constitution d’une importante base de référence
génétique locale au Brésil (138 especes d’amphibiens), une équipe a démontré la présence de deux
espéces (Phasmahyla exilis et Phasmahyla guttata) considérées comme disparues localement et d’'une
espece qui n'avait pas été détectée depuis 1968 (Megaelosia bocainensis) (Fig. 2. A, B) (Lopes et al.
2020). Mes travaux de these ont également permis de détecter des espéces menacées ou extrémement
élusives : trois occurrences d’'un mammiféere marin tres furtif : le cachalot pygmé (Kogia sima, Fig. 2 C)
sur I'lle de Malpelo (Annexe 2) qui fréquente préférentiellement les eaux plus profondes (50-100m) et

n’a été vu que 4 fois en 20 ans sur des transects ciblant les mammiferes marins dans tout le Pacifique
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Est colombien (> 22 000 km parcourus) (Palacios et al. 2012). Il est de plus quasiment impossible de
discerner K. sima de son con-spécifique K. breviceps par des méthodes visuelles sur le terrain, alors que
leur barcode génétique permet de les différencier. Jusqu’a trés récemment, 'espece était inscrite
comme « Data Deficient » par I'lUCN (Kiszka and Braulik 2020). L'exemple le plus remarquable issue de
mes travaux est la détection de Santamartamys rufodorsalis, le rat arboricole a créte rousse, une espece
endémique de la région de Santa Marta (Colombie) qui est inscrite sur la liste des 100 espéces les plus
menacées au monde (Velazco et al. 2017) (Annexe 3, Fig. 2.D). Cette espéce n’a été apergue que 3 fois
dans I'histoire, et a été redécouverte en 2011, lorsque des scientifiques I'ont photographié par hasard
furtivement dans la région, la derniére détection remontant a 1913 (Velazco et al. 2017). L’espece a été
détectée sur un filtre provenant d’un échantillon de la riviere Don Diego, et indique la présence de
I'espece au niveau du cours d’eau ou en amont de quelques kilométres due au transport du matériel

génétique avec le courant (Deiner et al. 2016, Pont et al. 2018).

L’ADNe permet de détecter des especes considérées comme rare, qui sont parfois restées
invisibles pendant des décennies. Un taux de détectabilité trés faible (i.e. probabilité de détecter
I'espece alors qu’elle est présente) mene a de fréquents faux négatifs et peut concerner deux scénarios :
(i) I'espéce est tellement rare gu’il est presque impossible de la détecter par des méthodes moins
sensibles, ou (ii) I'espece est présente mais les méthodes sont peu efficaces ou non adaptées pour la
détecter (par exemple : espéces craintives de I’"humain en mer qui fuient sa présence). Dans le cadre de
protocoles de conservation de la biodiversité, il est important de discerner ces deux cas afin de proposer
la mesure de gestion la plus adaptée. Une espéce réellement absente ne peut recoloniser un
écosysteme que par dispersion naturelle ou translocation par I'activité humaine. Des espéces rares
peuvent avoir subi une diminution de leur population si importante gu’elles sont maintenant éteintes
fonctionnellement, toutefois I'indication de leur présence méme résiduelle est fondamentale. Dans ce
cas et contrairement a une extinction locale compléte, il est possible de proposer une gestion de
I'espace pour permettre a I'espéece de rétablir des effectifs plus importants. Ces mesures peuvent passer
par exemple par l'interdiction des activités de péche dans une zone donnée ou l'arrét de projets de
modification du territoire si I'espéce occupe un habitat destiné a étre détruit. Les bénéfices d’une
méthode bien plus sensibles pour la détection des especes rares sont donc trés importants pour la
compréhension de la structure des écosystemes, mais également pour appuyer la conservation des

espaces naturels et accompagner des propositions de gestion adaptées.
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2. Limitations

2.1. Estimation de la biodiversité par MOTUs

Estimer la richesse des communautés a partir de substituts moléculaires est une alternative
nécessaire lorsque les bases de références sont peu renseignées comme c’est le cas en milieu tropical.
Toutefois, les substituts moléculaires sont a considérer comme des approximations de la richesse réelle.
Il est hautement improbable qu’une méthode parvienne un jour a estimer parfaitement des richesses a
partir d’unités moléculaires sans erreurs en utilisant les procédés moléculaires classiques de
metabarcoding aujourd’hui (PCR et séquencage Illumina). Les approximations liées a la combinaison des
sous-estimations et surestimations selon les groupes taxonomiques sont inévitables. Alors que les
études en microbiologie sont pionniéres dans ce domaine, elles restent confrontées a ce type de
problemes malgré des années d’expérience et de recul (Reeder and Knight 2009, Callahan et al. 2016).
La combinaison d’erreurs stochastiques de PCR ainsi que d’erreurs de séquencages sont difficiles a
détecter et se confondent avec des occurrences de vraies espéces rares. Typiquement, une vraie espece
rare dont la séquence est proche d’une autre espéece également présente mais plus abondante sera
identifiée comme une erreur. Ajuster les seuils afin de conserver ces deux especes est possible, mais
susceptible d’entrainer une importante surestimation de la richesse car les erreurs sont nombreuses et
ne seraient plus écartées. Al’'inverse, une espéce rare mais trés distincte des autres espéces abondantes
a une plus haute probabilité d’étre retenue. La structure des communautés en termes d’occurrence,
d’abondance et de phylogénie joue donc un role dans la qualité de I'estimation de richesse par les unités

taxonomiques.

L'approche proposée dans le chapitre 2 n’a été testée que sur un seul marqueur moléculaire et
la fiabilité des estimations n’est pas garantie avec d’autres marqueurs, certains ajustements de seuils
peuvent s'avérer nécessaires. Pour les marqueurs présentant une importante variabilité intra-
spécifique, il est possible que cette approche surestime la richesse réelle. Pour le cas des especes tres
rares, cette approche risque de sous-estimer leur diversité car un des seuils requiert la présence d’un
MOTU dans au moins deux réplicas PCRs sur un jeu de données. Cette étape est pour le moment
indispensable, car de nombreuses erreurs de PCR ne se produisent qu’une fois et ce filtre permet de
limiter drastiquement la quantité de faux-positifs. Notre pipeline bio-informatique a le potentiel d’étre
amélioré en combinant d’autres algorithmes ou filtres qualités afin de limiter la quantité de faux positifs
tout en augmentant la part de vrais positifs. Brandt et al. (2020) ont proposé une approche trés similaire
pour d’autres taxons (métazoaires des écosystemes profonds), avec notamment la combinaison de

I'algorithme de nettoyage DADA2, de clustering puis de nettoyage post-classification, pour tendre vers
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un ratio 1:1 entre les estimations de MOTUs et la réelle diversité en especes présentes. Enfin des
approches de mesure de diversité réduisant le poids des unités les plus rares en occurrence ou bien en
abondance telles que la diversité de Hill ont déja été appliquées au metabarcoding de ’ADNe et des
fécés pour la caractérisation des régimes alimentaires (Alberdi et al. 2018, Machler et al. 2020).
L'utilisation de ces indices pondérés permet la comparaison entre sites méme si une partie des MOTUs
ne représentent pas une réalité biologique. La méthode est toutefois sensible a la valeur de q,
parametre qui controle le poids donné a la communauté la plus rare et ne permet pas une réelle
comparaison avec des méthodes traditionnelles basées sur des relevés taxonomiques. L’estimation de
diversité avec des MOTUs fonctionne avec une base incompléte, mais nécessite tout de méme un
remplissage partiel permettant d’assigner les MOTUs au moins au niveau de la famille pour certaines
analyses écologiques. Certaines familles n’ont actuellement aucun représentant séquencé et ne sont
donc pas identifiables, d’autres ont si peu d’espéces séquencées que les algorithmes ne parviendraient
pas a les assigner a la bonne famille. Si le remplissage complet des bases est un objectif a plus long

terme, il est possible de cibler la collecte d’échantillons de référence afin de maximiser la couverture de

certaines familles dont la détection est actuellement trés aléatoire ou impossible.

2.2. Détection d’espéeces a fort intérét en gestion ou conservation

Pour valider la détection d’une espece en particulier, sa séquence doit étre présente dans une
base de données mais le barcode génétique doit également étre unique a cette espéce. Or la résolution
taxonomique des barcodes ADNe est un réel probleme pour les inventaires biologiques, car de
nombreuses especes partagent leur séquence avec un conspécifique. C'est notamment le cas de
groupes taxonomiques ayant subi une diversification récente, dont les séquences mitochondriales n"ont
pas encore assez divergé pour présenter de la variabilité génétique sur les barcodes ADNe. Gold et al.
(2020) ont remarqué que la quasi-totalité les especes du genre Sebastes de la Californie partageaient la
méme séquence sur le marqueur 12S MiFish. Alors que ces especes ont une importance commerciale,
il est impossible de les distinguer génétiquement entre elles avec les marqueurs ADNe classiques et
universels. Doble et al. (2020) ont aussi été confrontés a ce probléme dans le lac Tanganyika (Tanzanie),
ol de nombreuses especes de poissons cichlides partagent la méme séquence sur le 12S due a une
récente radiation évolutive, ce qui biaisait fortement les estimations de richesse avec des marqueurs

universels.

Dans le cas ol une seule espece d’'intérét partage sa séquence avec une autre, il est possible

de valider sa présence sur les échantillons concernés a I'aide d’approches plus spécifiques, telles que
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les qPCR, ddPCR ou CRISPR-Cas9 (Baker et al. 2018, Williams et al. 2019, Postaire et al. 2020). Ces
approches sont généralement moins cheres et plus faciles a mettre en place qu’une étude en
metabarcoding. Dans le cas olu c’est un clade complet qui manque de résolution taxonomique, il est
nécessaire de cibler un barcode alternatif et de concevoir une paire d’'amorces spécifiques de ce groupe
taxonomique (genre, famille). Il est alors nécessaire doubler le nombre de PCR et la quantité de
séquencages afin d’avoir les résultats de plusieurs marqueurs en metabarcoding. Toutefois, il n’y a pas
de solution parfaite car un barcode ADNe semble plus efficace s’il est plus court (Bylemans et al. 2018a)
due a la dégradation rapide des fragments long dans le milieu, mais les barcodes courts ont
généralement moins de résolution taxonomique. D’apres deux études in-silico, le marqueur
12S AcMDBO7 (Bylemans et al. 2018b) semble avoir le meilleur compromis entre longueur (~300 pb) et
résolution taxonomique, mais requiert d’avantages d’études in-vivo afin de confirmer sa performance
en milieu réel (Zhang et al. 2020b). Les méthodes traditionnelles ne sont toutefois pas exemptes de ce
type de limitation, bien qu’elles soient moins fréquentes et moins abordées. Il existe de nombreux cas
d’espéces qui ont été classées a tort sous un méme nom d’espéce alors qu’il s’agit en réalité de
complexe d’especes cryptiques, c’est a dire pas facilement discernables par des critéres

morphologiques (Kon et al. 2007, Melo et al. 2016).

Une autre limitation réside dans le fait que ’ADNe ne permet pas de récupérer d’informations
biologiques sur les espéces dont la détection est validée. Par exemple, il n’est pas possible de connaitre
le stade ontogénique (larve, juvénile, adulte), le sexe ni la taille des especes détectées alors que ces
caractéristiques sont essentielles en dynamique des populations et en conservation. Concernant les
estimations de biomasse, il n’y a pas de consensus en metabarcoding sur la maniere d’inférer des
notions d’abondance par rapport a la quantité de lectures de séquences. Le procédé de PCR est
extrémement stochastique et les amorces peuvent présenter des affinités différentes entre especes ce
qui biaise le nombre de copies d’ADN réalisées a cette étape (Elbrecht and Leese 2015). Certaines
applications semblent prometteuses et montrent une corrélation entre biomasse et nombre de lectures
alors que d’autres ne trouvent pas de résultats convaincants (Lacoursiére-Roussel et al. 2016, Thomsen
et al. 2016, Stoeckle et al. 2017). La méthode de PCR quantitative, qui est espece-spécifique
contrairement au metabarcoding, semble plus adaptée a I'estimation de la biomasse d’une espéece
(Mauvisseau et al. 2017). Pour certains aspects, il est donc nécessaire de coupler les approches ADNe a
des méthodes plus conventionnelles. La complémentarité des méthodes peut ainsi apporter une
meilleure estimation de la structure des communautés au-dela de l'inventaire, particulierement au

niveau biologique ou comportemental.
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3. Perspectives

La complétion des bases de référence génétique est un travail a long terme, qui risque d’étre
confronté a la difficulté de récupérer des individus appartement a des espéces rares ou peu accessibles
lie a l'isolement géographique de leur habitat ou bien dans des régions du monde instables
politiqguement. Comment récupérer I’ADN d’espéces qui n’ont été apercues qu’une fraction de fois dans
I'histoire, vivant seulement dans un pays en guerre ou au fond des océans ou les campagnes
océanographies sont rares ? Les spécimens présents dans les musées ont une valeur scientifique
considérable, mais leur age et conditions de conservation entravent fortement la capacité des
protocoles de laboratoire a extraire et amplifier cet ADN. Les poissons sont notamment fréguemment
conservés dans du formol, ce qui complique les procédures moléculaires. Une amélioration future des
méthodes moléculaires liées a I’ADN ancien ou des méthodes alternatives telles que la capture par
hybridation dérivée de sondes RAD (hyRAD-X , « hybridization capture from RAD-derived probes
obtained from a reduced eXome template ») sont prometteuses pour parvenir a compléter la base pour
des especes rares a partir des échantillons de musées (Schmid et al. 2017). Cette méthode nécessiterait
toutefois I'ADN d’especes con-spécifiques pour concevoir une sonde suffisamment spécifique pour
permettre [|'hybridation, mais pourrait se révéler importante pour récupérer I'ADN d’especes
particulierement difficiles a trouver ou a amplifier avec les méthodes traditionnelles selon I'état de

conservation des spécimens.

La détection d’une espéce dans un échantillon ne permet pas de savoir si un individu adulte est
présent, si 'ADN a été transporté par les mouvements d’eau d’une riviere, par la défécation du
prédateur 'ayant ingéré ou s’il s’agit d’'un flux larvaire non résident. Une méthode prometteuse a
récemment été proposé pour permettre de distinguer la détection d’individus ou de larves et gametes.
En utilisant le ratio d’abondance entre ADN nucléaire et ADN mitochondrial, il serait possible de savoir
siles traces d’ADN proviennent d’une ponte ou d’une agrégation d’adultes (Bylemans et al. 2017). Cette
découverte permettrait d’élargir la gamme d’application de '’ADNe a la détection d’aire et de période

de reproduction des espéces.

La collecte de données ADNe a large échelle initiée lors de cette thése se poursuit avec de
nouveaux partenariats. Depuis Décembre 2019, de nouvelles campagnes ont été effectuées en
Méditerranées dans les profondeurs mésophotiques (50-120m), sur des monts sous-marins de I'Indien
et du Pacifique, sur la Péninsule Antarctique avec Greenpeace mais également sur I'archipel de Svalbard

en Arctique. Ces nouveaux échantillons étendent drastiquement la couverture géographique initiale qui
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devient quasiment globale ainsi que les types d’écosystemes, en particulier grace aux échantillons des
pobles, ou la campagne Antarctique a eu lieu au moment du record chaleur historique sur la péninsule
(20°C). En complément du chapitre 5 réalisé uniquement avec les bases de références génétiques
publiques, une ré-analyse de tous les filtres de pdle a pble est prévue avec I'ajout de plus de 1000
especes récupérées et séquencées au cours de ces 3 dernieres années. On y cherchera spécifiquement
des signes de présence d’espéces d’intérét telles que les especes menacées localement ou globalement,
ou encore d’especes jamais enregistrées dans la zone afin de déterminer leur statut: espeéeces
potentiellement non-indigenes transportées via les eaux de ballast, ou migrations liées aux
changements climatiques. Ce large échantillonnage permettra de mieux comprendre, a travers la
modélisation statistique, les effets conjugués des conditions environnementales et socio-économiques
connues pour influencer les peuplement ichtyologiques, tels que les antécédents en termes de
blanchissement corallien, mise en place d’aires protégées ou de réserves marines (Hughes et al. 2017,

Cinner et al. 2020).

Dans ces travaux de these, seul le compartiment des vertébrés a été exploré avec les marqueurs
moléculaires spécifiques a ce groupe. L'’ADNe a un fort potentiel pour étudier I’'ensemble des niveaux
trophiques afin de caractériser les communautés de maniére plus intégrative, en utilisant une méthode
standardisée. Permettant également un suivi temporel, cette approche a un potentiel extrémement
important pour mieux comprendre les dynamiques temporelles et les interactions entre organismes

tout le long de la chaine trophique (Djuurhus 2020).

Les avantages du metabarcoding de '’ADNe en font une méthode particulierement indiquée
pour étre utilisée dans le cadre de la mise en place d’observatoire de la biodiversité a large échelle et
multi-trophique (Sutherland 2015). Il est ainsi possible de caractériser la totalité des composants
biologiques d’un écosysteme de maniére non-destructive, facile et rapide, sans nécessiter d’expertise
pour la récolte de données sur le terrain. L'inclusion de méthodes ADNe dans des programmes de
sciences participatives a déja montré son fort potentiel a I’échelle d’un pays pour un programme de
suivi d’'une espéce menacée (Royaume-Uni) (Biggs et al. 2015), ou dans la lutte contre I'établissement
d’espéces non-indigenes (Larson et al. 2020). A I’échelle du continent Américain, une initiative tente de
mettre en place un réseau d’observation de la biodiversité en mer a travers de multiples approches
telles que les satellites, les mesures océanographiques et integre déja la technologie ADNe pour faciliter
la récolte et la standardisation des données de biodiversité (Canonico et al. 2019). Instaurer des
consignes de bonnes pratiques et de standardisation de récolte et de traitement des données est
toutefois fondamental pour imaginer l'intégration de la méthode a des réseaux de suivi de la

biodiversité a large échelle. En Europe, le collectif DNAquanet (https://dnaqua.net/) rassemble une
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large partie des personnels de recherche et de l'industrie en lien avec 'ADNe, afin de décider de
standards a appliquer dans la discipline pour garantir la qualité des résultats obtenus (Leese et al. 2016).
Plus récemment en Amérique du Nord, le collectif PISCeS s’est formé dans le méme but de rassembler
les connaissances existantes et d’élaborer des standards (Loeza-Quintana et al. 2020). Le potentiel de
la méthode ADNe pour intégrer ou créer des réseaux d’observations de la biodiversité est immense,
compte tenu de ses performances sur de nombreux écosystéemes et sa facilité de déploiement méme
par des personnels non spécialistes, ce qui pourrait permettre d’étendre drastiquement les capacités

de suivi des communautés a large échelle en ces périodes de bouleversements rapides.

Les méthodes d’échantillonnage évoluent rapidement pour étre utilisées dans un maximum de
systemes différents le plus simplement possible. Un nouveau prototype de pompe péristaltique
immergeable sans limite de profondeur et légére a été mis au point lors d’une collaboration entre
SPYGEN, MARBEC et la société ANDROMEDE (Fig. 3. A). Cette pompe a déja été utilisée pour filtrer en
surface sans risque de noyer le matériel et en plongée autonome a des profondeurs mésophotiques
(120m). Une intervention humaine est pour le moment nécessaire pour enclencher le début de filtration
de la pompe, ce qui limite le potentiel d’automatisation et de prélevement a distance avec ce modeéle.
Les développements futurs incluent toutefois une programmation possible du déclenchement, sous
forme de programmateur temporel ou a une certaine profondeur grace a des capteurs de pression. Une
équipe américaine a aussi développé un robot sous-marin capable de coupler la réalisation de vidéos
sous-marines et le prélevement d’échantillons ADNe dans des profondeurs mésophotiques (Fig. 3. B).
Pour aller plus loin dans les perspectives d’automatisation de la récolte de données, le couplage de
drones sous-marins ou de planeurs sous-marins avec des dispositifs de prélevements d’ADNe aurait un
fort potentiel pour faciliter un échantillonnage marin avec moins de logistique (Fig 3. C, D). Les planeurs
sous-marins (« gliders ») sont des engins prévus pour effectuer de longs séjours en mer, équipés de
nombreux capteurs permettant la récolte a haute fréquence de nombreux parametres
océanographiques. Ces engins sont toujours a I'état de prototype, mais permettent de réduire les colts
des embarquements en mer via leur autonomie et capacité a se déplacer. Les développements
technologiques des méthodes d’exploration des océans pourraient ainsi permettre d’augmenter
I’automatisation des relevés d’échantillons et la mise en place d’un véritable réseau de surveillance de

la biodiversité méme sur des zones éloignées et peu visitées par les instituts de recherche ou le public.
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Fig. 3. Photos de dispositifs d’échantillonnage d’ADNe, avec (A) le prototype de la pompe péristaltique
immergeable utilisée dans les études les plus récentes, ici monté sur un scooter sous-marin, (B) un robot
sous-marin développé par une équipe américaine du WHOI (Woods Hole Oceanographic Institution)
pour associer vidéo sous-marine et prélevement ADNe dans les profondeurs mésophotiques, (C) un
drone sous-marin, (D) un planeur sous-marin océanographique sur lequel pourrait étre couplé un
dispositif de prélevement d’ADNe. Crédits : (A) Androméde, (B) Allison Albritton, (C) ECA GROUP, (D)
Ifremer.

La collecte d’échantillons ADNe dés aujourd’hui est fondamentale malgré les limites posées par
les bases de références ou la résolution taxonomique des marqueurs car les filtres ADNe agissent
comme une sauvegarde historique, une time capsule permettant de remonter dans le temps pour y
chercher de nouvelles espéces avec d’autres protocoles ou pour figer un moment particulier. Par
exemple nous avons filtré pendant le confinement du printemps 2020 dans toute la Méditerranée
francaise. Ces prélevements ADNe constituent de véritables témoins d’un événement extréme (la mer
sans présence humaine : https://www.umontpellier.fr/articles/la-mer-sans-les-hommes) qui a le
potentiel de fournir un nouvel état de référence pour nos indicateurs de I'état des écosystemes cotiers.
D’abord, les séquences retrouvées qui sont présentement non identifiées pourraient I'étre dans un
avenir proche, et il est aisé de relancer une analyse bio-informatique sur une base de référence
comprenant plus de séquences. Ensuite, il est possible de faire plusieurs extractions d’ADN a partir d’un
seul filtre ADNe, ou les portions non utilisées initialement peuvent étre archivées a la maniére d’une

bio-banque (Jarman et al. 2018). Cette précaution permettrait une ré-analyse des jeux de données plus
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anciens avec de potentielles nouvelles technologies moins limitantes que celles disponibles
actuellement. Il est ici important de rappeler que I'avenement du séquencage a haut-débit, qui a
révolutionné une partie du monde de la génétique, ne date que des années 2005 avec I'avenement des
plateformes Roche 454 puis lllumina. Il est dont impossible d’anticiper avec certitude le développement
de nouvelles technologies d’ici les prochaines décennies. Dans un contexte de changements climatiques
et de dégradation des écosystéemes toujours croissant, I'accés a un suivi temporel de I'évolution des
communautés est important pour mieux comprendre et anticiper les bouleversements a venir afin de

produire une réponse de gestion adaptée.
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Environmental DNA (eDNA) has the potential to provide more comprehen-
sive biodiversity assessments, particularly for vertebrates in species-rich
regions. However, this method requires the completeness of a reference data-
base (i.e. a list of DNA sequences attached to each species), which is not
currently achieved for many taxa and ecosystems. As an alternative, a range
of operational taxonomic units (OTUs) can be extracted from eDNA metabar-
coding. However, the extent to which the diversity of OTUs provided by a
limited eDNA sampling effort can predict regional species diversity is
unknown. Here, by modelling OTU accumulation curves of eDNA seawater
samples across the Coral Triangle, we obtained an asymptote reaching 1531
fish OTUs, while 1611 fish species are recorded in the region. We also accu-
rately predict (R2=0.92) the distribution of species richness among fish
families from OTU-based asymptotes. Thus, the multi-model framework
of OTU accumulation curves extends the use of eDNA metabarcoding in
ecology, biogeography and conservation.

Providing accurate biodiversity assessments is a critical goal in ecology and bio-
geography with estimations being constantly revised for some species-rich
groups [1]. This issue is increasingly important, given the accelerating human
footprint on Earth. The ongoing worldwide defaunation, characterized by mas-
sive population declines, may trigger the local or even global extinction of rare,
elusive and cryptic species that are still unknown or poorly documented [2,3].
Such biodiversity losses directly impact ecosystem functioning, but also human
health, well-being and livelihood [4,5]. This urges scientists to improve the
accuracy and extend the breadth of biodiversity inventories and monitoring.
In the marine realm, the detection of species occurrences is particularly chal-
lenging due to the vast volume to monitor, the high diversity of habitats, the
inaccessibility of some areas (e.g. deep sea) and the behaviour of some species
(cryptobenthic or elusive) [6,7]. Environmental DNA (eDNA) metabarcoding is
an emerging tool that can provide more accurate and wider biodiversity assess-
ments than classical census methods, particularly for rare and elusive species
[8-10]. This non-invasive method is based on retrieving DNA naturally released
by organisms in their environment, amplified by polymerase chain reaction
(PCR) and then sequenced to ultimately identify corresponding species [11].
However, inventorying and monitoring biodiversity using eDNA metabarcoding
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requires the completeness of a reference database to accurately
assign each sequence to a given species (e.g. [9]).

By now, only a minority of fish species are present in online
DNA databases for mitochondrial regions targeted by metabar-
coding markers, limiting the extent to which species diversity
can be revealed by eDNA. This proportion of sequenced species
is even lower in species-rich regions and poorly sampled habitats
or taxa, while the effort to complete genetic reference databases
is long and costly. As an alternative, a range of operational taxo-
nomic units (OTUs) can be extracted from eDNA metabarcoding
through filtering and clustering techniques [12]. Even if environ-
mental genomics approaches have a long tradition of using
OTU-based bioindicators [13], the extent to which the diversity
of OTUs from a limited number of eDNA samples can reveal
or predict the diversity of vertebrate species in a given biodiver-
sity hotspot has not yet been investigated. This is particularly
challenging for cryptobenthic fish species, which are key for
reef ecosystems [14] but usually missed by classical surveys [7].
We thus urgently need a regional case study with a wide breadth
of fish families and traits to test the potential of OTU-based
assessment of biodiversity.

The Bird’s Head Peninsula of West Papua (eastern Indone-
sia) is located in the centre of the Coral Triangle, which is
known to host the world’s richest marine biodiversity
[15,16]. The current checklist of coastal fishes in the Bird’s
Head Peninsula identifies 1611 species belonging to 508
genera and 112 families [15,17], among which some are still
poorly described or under severe threat [18-20]. Providing a
blind but accurate assessment of the level and composition
of a well-known vertebrate diversity from eDNA OTUs is
thus a critical step in conservation, biogeography and ecology,
particularly in such biodiversity hotspots.

Here, using eDNA metabarcoding from 92 seawater
samples across the Bird’s Head Peninsula, we (i) assessed the
diversity of coastal fish species based on an online reference
database for the teleo primers region of the 12S mitochondrial
rDNA gene [21], (ii) estimated the diversity of fish OTUs based
on a custom filtering and clustering bioinformatic pipeline,
and (iii) tested the capacity of OTU accumulation curves to
predict the level and composition of regional fish diversity.

A total of 92 water samples were collected during October and
November 2017 along the south coast of the Bird’s Head region
of West Papua (500 km) across different habitats but mainly
coral reefs (electronic supplementary material, figure S1). Samples
were collected in DNA-free plastic bags at the surface from a
dinghy boat, at depths between 10 and 100 m during close circuit
rebreather dives and at depths between 100 and 300 m using
Niskin water samplers. A pressure and temperature sensor was
coupled to the Niskin bottle to control the sampling depth and
characterize the water mass via the vertical temperature profile.
For each sample, 2 1 of seawater was filtered with sterile Sterivex
filter capsules (Merck Millipore; pore size 0.22 pm) using
disposable sterile syringes. Immediately after, the filter units
were filled with lysis conservation buffer (CL1 buffer SPYGEN)
and stored in 50 ml screw-cap tubes at —20°C. A contamination
control protocol was followed in both field and laboratory stages
[21,22]. Water sample processing included the use of disposable
gloves and single-use filtration equipment, and the bleaching
(50% bleach) of Niskin water sampler.

The DNA extraction and amplification were performed following
the protocol of [23], including 12 separate PCR amplifications per
sample (see electronic supplementary material for more details on
the protocol). A teleost-specific 12S mitochondrial rDNA primer
(teleo, forward primer-ACACCGCCCGTCACTCT, reverse primer
-CTTCCGGTACACTTACCATG [21]) was used for the amplification
of metabarcoding sequences, generating 63 + 3pb (mean +s.d.) long
amplicons for all fish species referenced in EMBL database (Euro-
pean Molecular Biology Laboratory, www.ebiac.uk, v. 138,
downloaded on January 2019) [24]. Eight negative extraction con-
trols and two negative PCR controls (ultrapure water) were
amplified (with 12 replicates as well) and sequenced in parallel to
the samples to monitor possible contaminations. The teleo primers
were 5'-labelled with an eight-nucleotide tag unique to each PCR
replicate with at least three differences between any pair of tags,
allowing the assignment of each sequence to the corresponding
sample during sequence analysis. The tags for the forward and
reverse primers were identical for each PCR replicate.

The purified PCR products were pooled in equal volumes, to
achieve a theoretical sequencing depth of 1000000 reads per
sample. Library preparation and sequencing were performed at
Fasteris (Geneva, Switzerland). A total of five libraries were pre-
pared using the MetaFast protocol (Fasteris, https://www.
fasteris.com/dna/?q=content/metafast-protocol-amplicon-meta-
genomic-analysis), a ligation-based PCR-free library preparation.
A paired-end sequencing (2 x 125 bp) was carried out using an
Ilumina HiSeq 2500 sequencer on three HiSeq Rapid Flow Cell
v. 2 using the HiSeq Rapid SBS Kit v. 2 (Illumina, San Diego,
CA, USA) following the manufacturer’s instructions.

To evaluate the current completeness of the online database for
the teleo region of the 12S mitochondrial DNA, an in silico
PCR with 3 allowed mismatches using the teleo primers
sequences was performed with ecoPCR [25] on the EMBL data-
base. The generated list of sequenced species was compared
with the checklists of fish species present in the Bird’s Head
region of Papua, provided by courtesy of Kulbicki ef al. [17].

The amplified DNA sequences from the water samples were
processed following two metabarcoding workflows. The first
workflow used the OBITools software package [26] based on
direct taxonomic assignment of the sequences using the ecotag
lower common ancestor algorithm in EMBL database as a
reference (see details in electronic supplementary material).

The ecotag algorithm can sometimes wrongly assign sequences
to a given species or genus, despite a low-similarity percentage due
to the incompleteness of reference database. We thus set the follow-
ing similarity thresholds, 100-98, 90-98, 85-90 and 80-85% bp to
assign sequences at the species, genus, family and order level,
respectively. All the assignments with a similarity percentage
lower than 80% were discarded from the analyses.

We evaluated the database completeness for the marker by
running an in silico PCR on all fish mitochondrial DNA present
in EMBL online database. A total of 394 species are sequenced
in the Bird’s Head region (24.5%, electronic supplementary
material, table S1).

The second metabarcoding workflow was based on the
SWARM clustering algorithm that groups multiple variants of
sequences into OTUs [12]. Then, a post-clustering curation algor-
ithm (LULU) was performed to curate data (see details in
electronic supplementary material).

The SWARM clustering workflow was used to investigate the
taxa present in the samples but not revealed by the taxonomic
assignment process because of gaps in the EMBL database. The
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number of taxa assigned in each family was corrected to avoid
taxonomical redundancy assignment. For instance, the combined
assignments to the genus Zanclus and the species Zanclus cornu-
tus were considered as one taxa as potential PCR error may have
produced two different assignment levels from the same
sequence. These corrected numbers of taxa were then compared
to the number of OTUs from the SWARM workflow in each
family to evaluate the magnitude of the diversity missed by
the direct assignment method. In the SWARM workflow, a
family-level assignment was performed as well to remove the
taxa that were not fish from non-specific amplifications and
investigate the intrafamily diversity.

To evaluate the number of taxa/OTUs present in the study area,
a multi-model approach was implemented to fit asymptotes on
the species and OTU accumulation curves. This approach con-
sidered five different accumulation models (Lomolino,
Michaelis-Menten, Gompertz, asymptotic regression and logistic
curve) and weighted them using the Akaike information cri-
terion (AIC) [29]. For each curve, the accumulation model with
the lowest AIC was selected. Accumulation curves and associ-
ated asymptotes were generated using the vegan R package. To
estimate the sampling effort required to achieve a given pro-
portion of asymptotes, we considered the model selected for
accumulation curves. Then, we extracted the predicted number
of samples producing a number of taxa/OTUs that outreached
90% and 95% of the asymptotes.

A total of 299 479 007 reads were produced using the OBITools
pipeline over the 92 eDNA samples corresponding to 14 423
unique sequences with a mean of 307 unique sequences per
sample (+ 134 s.d.). In a conservative approach, stringent
bioinformatic filters retained 9345 unique sequences, so 65%
of the total. These 9345 unique sequences were then assigned
to different taxonomic levels using the following genetic simi-
larity thresholds: 98-100% for species, 90-98% for genus,
85-90% for family and 80-85% for order. This set of thresholds
retained 7389 unique sequences resulting in 678 taxonomic
assignments (electronic supplementary material, table S2).

A total of 310 species were detected, including 211 coastal
fish species present in the checklist of the Bird’s Head Peninsula
and 99 fish species present in other regions but absent from this
checklist (figure 1a). Conversely, 183 sequenced fish species
which are present in the Bird’s Head Peninsula were not
detected in our eDNA samples using our stringent filters, repre-
senting 53.6% of the sequenced species present in the checklist.
Since 75.5% of fish species in the checklist of the Bird’s Head
Peninsula were not sequenced for the 125 rDNA, the largest
part of fish species diversity remained hidden through direct
assignment (electronic supplementary material, table S1).

A total of 282 genera and 128 families of fish were
detected compared with the regional checklist of 508 genera
and 112 families out of which 46.1% and 72.3% are
sequenced, respectively (electronic supplementary material,
table S1). The number of fish species per family varied
from 1 to 191 in the Bird’s Head checklist (figure 1b), the rich-
est family being the Gobiidae. Only 12 species of Gobiidae
were detected in our 92 samples. Meanwhile, the most

represented family in the eDNA samples was the Labridae n

with 48 species (15.5% of the species found in the samples)
out of 136 in the checklist (figure 1b).

The percentage of fish species sequenced per family
varied between 0 and 100% with a mean of 40.3% (+31%
s.d) in the Bird’s Head Peninsula checklist while the percen-
tage of detected species per family varied between 0 and
100% with a mean of 27.1% (+30.2% s.d.) in eDNA samples
(figure 1b). These two percentages were significantly and
strongly related (p <0.001) with the percentage of species
sequenced per family explaining 85% of variation in the
percentage of detected species per family (figure 1c).

Given that the low percentage of fish species sequenced for the
12S in the region is the main limitation to detect taxonomic
diversity (figure 1c), we used an alternative approach based
on unique clusters of genetic sequences called OTUs.

From the 331 839 591 initial reads, 4012 OTUs were gener-
ated using the SWARM clustering algorithm. After a series of
post-clustering curation processes, 972 fish OTUs were filtered
among which 819 were assigned to a family (electronic sup-
plementary material, table S3). The number of detected
OTUs varied from 1 to 54 among fish families (figure 2a), the
richest families (greater than 50 OTUs) being the Gobiidae,
Labridae and Pomacentridae. Overall, the number of OTUs
was superior to the number of assigned taxa (genus and
species) in 64.7% of the families found in the samples (mean
A=4+6.7 s.d., figure 2a). This richness difference was null in
31.4% of the families and negative in 3.9% of them (figure 2a).
This difference was notably high in some rich families such as
the Gobiidae and Pomacentridae where the number of OTUs
was more than 2 times and 1.5 times higher than the number
of assigned taxa, respectively. By contrast, only 7 OTUs were
produced compared with 11 assigned taxa for the Scombridae
so A = —4 units or —66.7% of this family richness.

The discrepancy between the two approaches (taxa and
OTUs) was not significantly explained neither by the species
richness of the family in the checklist (R?<0.01, p=0.08,
figure 2b) nor by the percentage of sequenced fish species
within each family in the checklist (R?=0.09, p = 0.05, figure 2c).

On average, the number of OTUs underestimated the total
number of coastal fish species in the Bird’s Head Peninsula
checklist with a mean net difference of 40.2% per family (+
38.8% s.d., figure 2d). For most families, this difference was
high, reaching the maximum value of 95% for the Pseudochro-
midae. However, this difference could also be negative with
more OTUs detected than species present in the checklist as
for the Dasyatidae, Leiognathidae and Orectolobidae for
which this difference reached —50%. Overall, the difference
was marginally but significantly explained by the species rich-
ness of the family in the regional checklist (R?=0.09, p=0.04,
figure 2d), suggesting that the bias is not proportional to the
species richness of the family with species-rich families being
more underestimated by OTUs than species-poor families.

Since the two approaches (taxa and OTUs) underestimated the
level of taxonomic diversity within fish families with a high
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Figure 1. Number of fish species present in the checklist of the Bird's Head region (grey), sequenced in the European Molecular Biology Laboratory database (EMBL)
(light blue) and detected in the eDNA samples (dark blue) (a); percentage of species detected in the samples (dark blue), sequenced in EMBL (light blue) in each
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respectively. Only the sequences assigned to species using ecotag program (similarity >98%) are used in this figure. (c) Each point corresponds to a fish family.

(Online version in colour.)

uncertainty, we modelled accumulation curves from the diver-
sity of species and OTUs found across our 92 samples. The
modelled asymptote of the assigned species reached 429
species, a value very close to the 394 sequenced species present
in the Bird’s Head Peninsula, but 3.7 times lower than the 1611
species in the regional checklist (figure 3a). Meanwhile, the
OTU accumulation curve reached an asymptote of 1531; a
value close (95%) to the number of fish species (1611) referenced
in the checklist of the Bird’s Head Peninsula.

Applying this method to the 15 fish families which
counted more than 10 OTUs and 10 species in the checklist
permitted to assess the ability of eDNA-based accumulation
curves to predict regional fish richness. For instance, the

OTU accumulation curves for the Gobiidae, Labridae and
Pomacentridae, the three richest families (51, 54 and 53
OTUgs, respectively), produced asymptotes and thus predic-
tions of fish diversity much lower than those in the regional
checklists with 107.5, 66.1 and 76.2 OTUs (i.e. 47.5%, 81.7%
and 69.6% of the checklist richness respectively; figure 3b—d).

We then tested the ability of the assigned taxa, the OTUs
and the OTU accumulation curve approaches to predict fish
species richness within families of the regional checklist, so
the predictive power of linear or proportional relationships.
The total number of assigned taxa per family in our samples
was a significant but weak predictor of the number of fish
species per family in the checklist (R?2=0.60, p<0.001,
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figure 4a) with the richness of some families being largely
underestimated (e.g. 87.4% of net difference with the checklist
for the Gobiidae, figure 4a,d). The number of OTUs per family
was a better predictor of the family species richness in the
checklist (R2=0.80, p < 0.001) but left 20% of unexplained
variation among families with still a marked underestimation
(73.3% of net difference with the checklist for Gobiidae,
figure 4b,e). Using the asymptotes of OTU accumulation
curves, we obtained a high predictive accuracy of R*=0.92
(p<0.001) for the species richness within families with
less bias for the Gobiidae (43.7% of net difference with the
checklist) (figure 4c,f).

In addition, we observed that the net difference between
the number of assigned taxa per family and the number of

species per fish family in the checklist is not related to the
number of species of the families (figure 4d), suggesting an
absence of systematic bias towards the underestimation of
species-rich families. By contrast, the net difference between
the number of OTUs per fish family and the number of
species per family in the checklist significantly increased
(R*=0.35, p=0.02) with the number of species per family
(figure 4e). This bias towards the underestimation of species
richness within species-rich families is nonetheless avoided
when using the asymptotes of OTU accumulation curves
(p=0.24, figure 4f). Thus, asymptotes of OTU accumulation
curves are most accurate and least biased eDNA-based pre-
dictors of fish species diversity within families in this
marine biodiversity hotspot.
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Not only the OTU accumulation curves and their asymptotes
provide diversity estimates, they also provide crucial insights
into the sampling effort needed to achieve a more complete
census. Here, using the asymptote on the OTU accumulation
curve for all fish species (figure 3a), we found that our 92 cumu-
lated samples (representing 0.2 m?) achieved up to 63.5% of the
potential fish OTU diversity in the Bird’s Head Peninsula
(figure 5). To collect 90% of this regional fish diversity, we
should have filtered seawater in 735 samples, so eight times
the effort of our sampling campaign, representing an aggregated
sampled water volume of 1.5 m®. This sampling effort would
reach 1883 samples (an aggregated water volume of 3.8 m?) to
collect 95% of the regional fish OTU richness (figure 5).

On average across fish families, our sampling effort
achieved the detection of 77.1% (+14.9 s.d.) of OTUs predicted
by the asymptote of the accumulation curve with a variation

among families ranging from 42.2% (Muraenidae) and 47.5%
(Gobiidae) to 93.9% (Balistidae) (figure 5). The sampling
effort needed to achieve 90% of the asymptotic number of
OTUs in the region varied greatly among families, ranging
from 37 samples for Chaetodontidae to 494 samples for Gobii-
dae, with a mean of 164 samples (+123 s.d.). The estimated
additional sampling effort to reach 95% from 90% of the
OTU richness ranged from 20 more samples (Tetraodontidae)
to 593 more samples (Gobiidae).

Environmental DNA metabarcoding has the potential to sur-
pass most classical survey methods to assess biodiversity in
both terrestrial and aquatic systems [30]. Yet, genetic reference

212



(@) ) ()
200 4 200 1 200 A
- ® Gobd - 0 G - Gobd
2 i .4 i E g
= 3 = 7 = &
8 150 1 g 150 2 150 1
S @ Lbrd S Lbrd S ® fbrd
g Pmentr _g Pmentr g '® Pmeny
é 100 A Apgn g 100 - Apgn = 100 4 Apgn
3 ch Srrn % Srrn § ©®Arrn
35 Wi trnd 5 Chtd 3
2 50 efkun y=28+186 2 50 ef MM y=20m-152 & so{YEMnyl yoisec-12
2 o 2 Crn cnt R2 ~0.80 . Crng cnt’ 0
g n R*=0.60 g H ll}t“ =0. S Hi lLtlhr R=0.92
0 1 lT[ré]ﬁémh p <0001 odm Pmenth p<0.001 = 0. 7 pmenth p <0.001
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
no. taxa no. OTUs OTU asymptotes
(d) (e) f)
100 4 100 < 100 1
o L@ Chd Gobd s
Ps .H’IC&. o S &
IS n N Gobd
; 75 1 Ac]r\dm‘ Srrn @ Pmentr w751 © Chid (] i 75 1 ® Chtd
= .’IgdCrng ® Apgn E 2]
8 @ Lbrd ) Crne® Stan Aig“. Lbrd 5
L 50 4 @ Pmenth I 50 der” Pmentr £ 50 ® Mmg Srrn ®Lbrd Gobd
5 . Z ® pnenth ™ © 18T @ Apen b
% @ Blst 3 ® Acnt | Hlcn @ Pmentr
8 B; Lihr 2 @ fgcnth
5 251 _%’ 25 1 Ist = 25 1 ® Blst cn
< R2=0.02 2 ®Ljn  R2=035 3 R2=0.11
p=0.58 p=0.02 S ® Litr p=024
0 0 < 0 ® Lijn
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

no. species in the checklist

no. species in the checklist

no. species in the checklist

Figure 4. Linear regression of the diversity of the most diverse families as a function of the number taxa assigned (a), the number of OTU (b), the asymptotes of the
0TU accumulation curves (c) and differences between the number of taxa assigned (d), the number of OTUs (e), the asymptotes of OTU accumulation curves (f) and
the number of species in the checklist as a function of the number of species in the checklist. Only the families with a number of OTU and a number of species in
the checklist greater than or equal to 10 are presented to provide accurate estimations. (Online version in colour.)

90% 95%
allOTUs { - ------------on 003.5% 735 1883
Acanthuridag { - -------- oo 093.5% 44 95
Apogonidag { -------------oooo-o- ®72.5% 182 383
Balistidae { ---------------------o- ©93.9% 49 103
Caranguidae { - ------------------- -~ 0381.5% 151 318
Chaetodontidae { - ----------oooooooo oo ©38.4% 37 74
Gobiidae { ------------- 047.5% 494 1087
Holocentridae { - ------------------ -~ 076.2% 161 398
Labridae { ---------------------- 081.7% 165 360
Lethrinidae { - ----------------- -~ 075.1% 225 588
Lutjanidae { -------------------- - ©383.1% 233 717
Muraenidae { - ---------- 9042.2% 157 333
Pomacanthidae { - ---------- - ©83.3% 76 167
Pomacentridae { ------------------- 069.5% 329 811
Serranidae { ----------------o------ 088.6% 93 212
Tetraodontidae { - --------------- -~ ©79.3% 59 79
0 25 50 75 100

achieved percentage of the asymptote (%)

Figure 5. Percentage of the OTUs diversity covered by the current sampling effort
(n = 92) in the families of fish (orange) and the estimated sampling effort required
to achieve both 90% and 95% of the diversity. Only the families with a number of
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databases are often incomplete, especially for species-rich
ecosystems such as the Coral Triangle, a global marine biodi-
versity hotspot [14]. For instance, the current completeness

of the 125 rDNA online databases for the teleo primer covers
only 24.5% of fish species in the Bird’s Head Peninsula. Mean-
while, this cover reaches 77.3% for the COI (mitochondrial
cytochrome ¢ oxidase subunit I), but fish COI primers still
perform poorly in comparison to 12S markers [31].

With around 28% of families, 54% of the genera and 76% of
species not sequenced for the 125 rDNA teleo primers region,
the largest part of fish diversity in the Bird’s Head Peninsula
remains thus hidden through direct assignment. Additionally,
sequences present in the reference online databases may have
been collected from individuals not located in the region of
interest. This can induce assignment errors due to biogeo-
graphic-related genetic variation (e.g. [32]). The lack of
sequencing coverage highlights the immense gap to be filled
for online databases to be exhaustive, while numerous species
still remain to be described [33]. This limitation prevents meta-
barcoding approaches from characterizing entire fish
assemblages through direct species assignment. Yet, the taxa-
assignment method reveals the presence of 211 fish species
referenced in the checklist of coastal fishes in the Bird’s Head
Peninsula (figure 1a). Conversely, 99 assigned species were
absent from this checklist. These 99 detections can either be
true presences extending the distribution of some species and
revisiting the regional checklist or false presences due to
wrong assignments or possible contaminations. For instance,
the Atlantic salmon (Salmo salar), probably a laboratory kit con-
taminant, was found in our study and removed from the
analyses (see Methods). The large number of species present

213



in the samples but absent from the regional checklist suggests
that inventories of some families are still incomplete. On aver-
age, 2.5 detected species per family (+2.6 s.d., figure 1b) are
absent from the checklist, ranging from 0 to 14 species (Apogo-
nidae). This mismatch allows us to target future sampling
efforts towards families and their habitats to complete the
regional checklist.

As an alternative to species assignment, the use of OTUs
as species proxy units is an option that has not yet been tested
for vertebrates in species-rich ecosystems while currently
used when the concept of species is debatable like for fungi
or unicellular organisms [34,35].

Here, using a conservative and stringent bioinformatic
pipeline, we show that the diversity of OTUs is a weak and
biased estimator of species diversity with species-rich
families being strongly underrepresented. To overcome this
limitation, we propose to rely on OTU accumulation curves
which provide an unbiased estimate of regional fish diversity
and fish richness within families. The asymptotes underesti-
mate the regional fish species richness, but the bias is
highly consistent among families (figure 4f). We thus pro-
pose to extend this method for taxonomic inventories in
poorly sampled ecosystems like the deep sea to estimate the
diversity at different taxonomic levels.

Fishes are the most diverse group of vertebrates on Earth
with varying body sizes, environmental niches and diets.
Monitoring fish assemblages in marine biodiversity hotspots
like the Coral Triangle is a great challenge, particularly for
small, rare, cryptobenthic or elusive species. Here, we show
that the percentage of sequenced species is highly variable
among families preventing any robust estimation of species
richness. Instead, OTUs have the potential to reveal the pres-
ence of a broad range of fish species (i.e. from different
lineages and with contrasted life-history traits). For instance,
cryptobenthic families have been poorly documented and are
often ignored in traditional visual censuses [7], while they
strongly influence ecosystem functioning [13]. Similarly, tra-
ditional visual censuses often miss highly mobile and
elusive species such as sharks [9].

Among the 310 assigned fish species, we detected the pres-
ence of small cryptobenthic species such as Gobiodon histrio or
Ostorhinchus selas, a goby and a cardinalfish with a maximum
length below 40 mm, respectively. We also detected large pela-
gic fish such as the dogtooth tuna (Gymmnosarda unicolor) or the
thresher shark (Alopias pelagicus) reaching over 2 m and 4 m
long, respectively. Flagship species for conservation were
also present in our DNA samples such as the over-exploited
Napoleon wrasse (Cheilinus undulatus, Endangered, IUCN
Red List, www.iucnredlist.org), the Scalloped hammerhead
shark (Sphyrna lewini, Endangered) and several shark species
being classified as Near Threatened (NT) (C. brevipinna,
C. Leucas, C. sorrah, C. melanopterus, T. obesus).

Even if not assigned at species level, OTUs can be defined
as distinct entities for which their distribution and temporal
variability can be assessed and monitored [36]. Moreover,
the OTUs and their associated sequences can remain in
public repositories until they are assigned to a species, sub-
species or complex as databases improve [37]. However, the
major caveat of using OTUs for diversity inventories is that

they cannot be directly considered as species with complete
certainty. Species with intra-specific genetic variability can
produce two separate OTUs, overestimating species diversity.
Conversely, two species phylogenetically close to each other
with low genetic variability can be grouped into a single
OTU, thus underestimating species diversity. The accuracy
of diversity inventories using eDNA metabarcoding is thus
directly based on the taxonomic resolution of the barcode
used and genetic variability among families but also the
number of samples.

Here, we also reveal the gap of biodiversity that remains to
be detected using OTU accumulation curves. The effort can be
massive for some families (figure 5) and more ambitious eDNA
sampling campaigns should be on the agenda in species-rich
regions like the Coral Triangle. OTU accumulation curves can
also serve to evaluate the efficiency of a sampling method
(e.g. punctual filtration, transect filtration), the sampled area
or the diversity of habitats that are required (e.g. depth, com-
plexity, distance from the seafloor) and their location (e.g.
proximity of reefs, hotspots) especially when targeting rare,
elusive, highly mobile or cryptobenthic families of fish.

The contrasts between assigned taxa diversity, OTU diver-
sity and OTU asymptote diversity show that the detectability
varies strongly among fish families. These contrasts can be
related to the ecology of the species but also to the state of
the retrieved DNA fragments (intra or extracellular), their
sources (e.g. gametes, larvae, faeces), their release rate,
their diffusion in the water column (limited or wide) and
their transportation [38]. For instance, benthic fish species
such as gobies with a small movement range would release
DNA fragments through skin and faeces on a small area.
However, such species could release a massive number of
gametes carried through the water column [13] so may
appear highly detectable during breeding season. Further
comparative works are urgently needed between visual,
camera and eDNA metabarcoding surveys to better estimate
the level of detectability of each species or family in order to
provide reliable biodiversity assessments. For instance, coup-
ling eDNA metabarcoding and video surveillance allows the
detection of 82 fish genera from 13 orders on reefs and sea-
grass with only 24 genera in common [39]. Investigating
biodiversity should also consider its multiple components
including functional and phylogenetic diversity that are key
for reef ecosystem functioning [40]. Associating OTUs to
species might allow us to fill this gap, but it will require mas-
sive sampling and sequencing efforts.

The metadata and bioinformatic outputs are available
in the Dryad Digital Repository [41]. The metabarcoding pipelines
are available in GitLab (https://gitlab.mbb.univ-montp2.fr/edna/
snakemake_only_obitools and https://gitlab.mbb.univ-montp2.fr/
edna/bash_swarm).
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ABSTRACT

1. Monitoring large marine mammals is challenging due to their low abundances in general, an ability
to move over large distances and wide geographical range sizes.

2. The distribution of the pygmy (Kogia breviceps) and dwarf (Kogia sima) sperm whales is informed
by relatively rare sightings, which does not permit accurate estimates of their distribution ranges.
Hence, their conservation status has long remained Data Deficient (DD) in the Red list of the
International Union for Conservation of Nature (IUCN), which prevent appropriate conservation
measures.

3. Environmental DNA (eDNA) metabarcoding uses DNA traces left by organisms in their
environments to detect the presence of targeted taxon, and is here proved to be useful to increase
our knowledge on the distribution of rare but emblematic megafauna.

4. Retrieving eDNA from filtered surface water provides the first detection of the Dwarf sperm whale
(Kogia sima) around the remote Malpelo island (Colombia).

5. Environmental DNA collected during oceanic missions can generate better knowledge on rare but

emblematic animals even in regions that are generally well sampled for other taxa.

INTRODUCTION

Marine mammals are among the most threatened vertebrates on earth with 37% of them being
considered as endangered by the IUCN (e.g. Albouy et al., 2020). Yet, the monitoring of marine
mammals is still challenging, generally due to their low abundances, their ability to move over large
distances, their wide geographical range sizes and their elusive behavior (Hays et al., 2015). Most studies
focusing on the distribution of relatively common marine animals rely on telemetry, passive acoustic
surveys, or visual observations performed from the coast, during aerial surveys or during boat-based
surveys (e.g. Palacios et al.,, 2012, Balmer et al., 2014, Mannocci et al.,, 2015). By contrast, the
distribution of rare or elusive mammal species are mainly investigated using compilations of scarce
observations, fisheries bycatch and strandings (Plon, 2004; Palacios et al., 2012 ; Coombs et al., 2019).
As a result, only a limited knowledge has been accumulated on the distribution of those species, which
limits our capacity to set effective protection measures (Davidson et al, 2012). Developing
complementary and effective tools for detecting and monitoring threatened, rare or elusive marine
mammal species is key to better guide their conservation (Pikitch, 2018).

Environmental DNA (eDNA) metabarcoding is increasingly used to detect micro- and macro-organisms
in aquatic environments (Ruppert et al., 2019), but more case studies are needed to demonstrate its
ability to detect unseen species that are elusive, threatened and rare in marine ecosystems. The eDNA

metabarcoding approach is based on retrieving DNA naturally released by organisms in their
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environment. This genetic material is then amplified by polymerase chain reaction (PCR), sequenced
using high-throughput DNA sequencing systems and assigned to species based on a reference database
(Taberlet et al., 2012). Most recent studies confirm the greater detectability of species using eDNA
compared with traditional survey approaches in marine environments, especially those with a behavior
that impede their direct observation (Simpfendorfer et al., 2016 ; Boussarie et al., 2018 ; Pikitch, 2018).
For example, Thomsen et al. (2012) found eDNA to detect more species than nine conventional sampling
methods of fish surveys in marine environments. Environmental DNA detection of cetaceans has been
validated (Baker et al., 2018; Parsons et al., 2018) and can be used when direct observations are limited.
For instance, the long-finned pilot whale (Globicephala melas) was successfully detected in unexpected
locations (Foote et al., 2012). The time sensitive nature of eDNA means that its detection is limited to a
restricted area from where it was first shed, and can be influenced by environmental factors such as

currents and tides (Collins et al., 2018; Harrison et al., 2019).

84°0'0"W 81°0'0"W 78°0'0"W 75°0'0"W

Legend
Kogia sima sighting

Kogia sima osteological record Pt >
Kogia sp. sighting ; k2 G 0 125

84°0'0"W 81°0'0"W 78°0'0"W 75°0'0"W

Fig. 1. Map of Dwarf sperm whale (Kogia sima) et Kogia sp. sightings in the Colombian eastern Pacific.
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The pygmy (Kogia breviceps) and dwarf (Kogia sima) sperm whales are porpoise-like shaped
odontocetes smaller than 4m (PI6n, 2004) that are able to travel long distances (e.g. 255 nautical miles
in 4 days, Scott et al., 2001). They occur worldwide in tropical and temperate waters including Colombia
(Rice, 1998) and count 1,931 records (1,627 at the species level) of opportunistic sightings and
strandings referenced in OBIS (Ocean Biogeographic Information System, www.obis.org, January 2020)
and 2, 503 records (2,223 at species level) in GBIF (Global Biodiversity Information Facility,
www.gbif.org, e.g. Mora-Pinto et al.,, 1995). Their relatively scarce sightings prevent an accurate
estimation of their distribution ranges and abundances while their conservation status has long
remained Data Deficient (DD) in the Redlist of the IUCN. Kogia sima has been sighted only recently in
the Colombian Caribbean (Mutis-Martinezguerra and Polanco, 2019) and only six occurrences have
been documented in the Colombian Pacific, including five sightings and one stranding (Fig. 1). Two
sightings of Kogia sp. have been reported in the vicinity of the Malpelo volcanic island between 1986
and 2006 during line transect surveys, one was near the Island (Wade and Gerrodette, 1993) and the
other one was 230 km WSW (Mufioz-Hincapié et al., 1998; Palacios et al., 2012; Fig. 1, Table 1). The
Malpelo island (3°58’N, 81°37'W), covering an area of 1.2km?, is located 490km off the coast of
Colombia, on the top of the submerged Malpelo ridge. This island is composed of barren rocks and steep
edges with several underwater habitats including coral formations, vertical rock walls, sands and gravel,
tunnels and caves. It is surrounded by deep waters with strong currents where at least nine cetacean
species are present (Herrera et al., 2007; Avila et al., 2013). These deep waters support important
populations of large predators and pelagic species including giant grouper, billfish, short-nosed ragged-
toothed shark, deepwater sharks and pelagic sharks (Unesco, 2005). Here we document the first
detection of the uncommon Dwarf sperm whale (Kogia sima) around the remote Malpelo island

(Colombia) using eDNA.

METHODS

During an oceanographic expedition (March 2018, Fig. 2A, B) seawater samples were collected in a 2km
radius around the island to investigate the marine vertebrate diversity. A total of 13 non-overlapping
S5km-long transects, either rectangular or circular, were performed. During each transect, duplicates of
30L of subsurface seawater (between 0 and 40cm) were simultaneously filtered using two peristaltic
pumps placed on each side of the boat (Fig. 2C) and two sterile filter capsules (VigiDNA 0.2um, SPYGEN).
Immediately after, the filters were filled with conservation buffer (CL1 buffer, SPYGEN) and stored in
the dark at ambient temperature. A contamination control protocol was carried out at both field and
laboratory stages including the use of disposable gloves and single-use filtration equipment (Goldberg

et al., 2016; Valentini et al., 2016). The laboratory and equipment were not in contact with cetaceans
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or cetacean tissue, before or during the operations, and was cleaned with bleach before each sampling

event and before each sample processing.

Fig. 2. Location of Kogia sima detections around Malpelo Island using environmental DNA (red and orange
track) (A); Malpelo Island seascape and our oceanographic vessel (B); eDNA filtration equipment (C) and
Opportunistic sighting of Kogia sp. around Martinique (French West Indies) (D). Kogia sima was detected
with both the Vert01 and MammO01 primer pairs on the circular red track and detected with the
MammO1 primer pair on the rectangular orange track. It was not detected on the grey transects. Credit

Photo R. Hocdé, C. Albouy, Megafauna project).

DNA extraction was performed in a dedicated eDNA laboratory equipped with separate clean rooms,
positive air pressure, UV treatment and frequent air renewal. Decontamination procedures were
conducted before and after all manipulations. Two extractions per filter were performed, following the
protocol of Pont et al. (2018), and pooled after the amplification process. Two primer pairs were used
for the amplification of metabarcoding sequences, a universal vertebrate 12S mitochondrial rDNA
primer pair (Vert01, 5-TAGAACAGGCTCCTCTAG, 3’-TTAGATACCCCACTATGC) and a mammal 12S
mitochondrial rDNA primer pair (MammO1, 5’ -CCGCCCGTCACYCTCCT, 3’-
GTAYRCTTACCWTGTTACGAC). Both were used with a human blocking primer pair (5'-
CTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCT -3’) (De Barba et al., 2014; Pont et al.,
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2018). The amplification primers were 5’-labeled with an eight-nucleotide tag unique to each sample
(with at least three differences between any pair of tags), so all 12 PCRs from a single sample shared
the same tag. The tags for the forward and reverse primers were identical for each sample. Twelve PCR
replicates were run per filter. Three negative extraction controls and two negative PCR controls
(ultrapure water) were amplified and sequenced in parallel to monitor possible contaminations. Two
libraries were prepared using the MetaFast protocol (Fasteris, www.fasteris.com) and a paired-end
sequencing (2x125 bp) was carried out using an lllumina HiSeq 2500 sequencer on two HiSeq Rapid Flow
Cell v2 using the HiSeq Rapid SBS Kit v2 (lllumina, San Diego, CA, USA) following the manufacturer’s
instructions at Fasteris (Geneva, Switzerland). All sequences with a frequency of occurrence below 0.1%
per taxon and library were discarded to avoid index cross-talk (MacConaill et al., 2018) and tag-jumps
(Schnell et al., 2015). Additionally, sequences with less than 10 reads were removed. The metabarcoding
workflow was based on the VSEARCH toolkit and the clustering algorithm SWARM that groups multiple
sequence variants into OTUs (Operational Taxonomic Units) to clean errors from PCR and sequencing
(Mahé et al., 2014, Rognes et al., 2016). The SWARM clustering algorithm uses single linkage clustering,
in which sequence similarity and co-occurrence patterns are used to group sequences together. It allows
the removal of erroneous sequences and most reliable detections. Taxonomic assignment was
performed using the ecotag program (lower common ancestor algorithm) from the OBITOOLS software
package (Boyer et al., 2016) against the global and public EMBL genetic database (European Molecular
Biology Laboratory, www.ebi.ac.uk, release 141 downloaded on 11th oct. 2019, Baker et al., 2000).
Sequences assigned to common laboratory contaminants such as human, pig or dog were remove from
analysis. Sequences were aligned using MUItiple Sequence Comparison by Log-Expectation (MUSCLE)

on MEGA software (www.megasoftware.net).
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Fig. 3. Phylogenetic tree of the toothed-whales species (A) and their aligned sequences including the
sequence from the eDNA sampling (B). The silhouettes were retrieved from phylopic.org (Chris Huh,
Creative Commons Attribution-ShareAlike 3.0 Unported).
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RESULTS

From the 13 seawater samples, a total of 20,092,190 reads were produced with the vertebrate specific
primer pair Vert01 and 4,321,072 reads with the mammal specific primer pair MammO1. From these
reads, 18,007,106 and 2,784,180 passed the bioinformatic cleaning process, respectively. Among the
retained reads produced with the VertO1 primer pair, 469 reads corresponding to a unique 99 bp
sequence (Fig. 3) matched at 100% similarity with the dwarf sperm whale 12S rDNA (Kogia sima,
complete mitochondrial genome, Shan et al., 2019, NC_041303.1), at 97% similarity with the pygmy
sperm whale (Kogia breviceps, Arnason et al., 2004, AJ554055.1), while only at <96.4% with other
phylogenetically close cetacean species referenced in EMBL (Gatesy et al., 2013; Fig. 3). This sequence
was detected on a single transect performed on the 25th of March 2018 at 17 PM (local time UTC -5,
Fig. 2A, circular transect). Among the retained reads produced with the MammO1 primer pair, 3,042
reads corresponding to a unique 63 bp sequence matched at 100% similarity with the same dwarf sperm
whale 12S rDNA sequence and at 92.1% similarity with the pygmy sperm whale (Kogia breviceps,
Arnason et al., 2004, AJ554055.1) referenced in EMBL. This sequence was detected on two transects
performed on the 25th of March 2018 at 17 pm and the 27th of march 2018 at 10:30 AM (local time
UTC -5, Fig. 2A circular and rectangular transects) where 1,371 and 1,671 reads were respectively
retrieved. Sea surface temperature, measured by the Naval Oceanographic Office (NAVOCEANO) and
retrieved from the French Institute for Ocean Science repository (http://www.ifremer.fr/co-
argoFloats/float?ptfCode=3901263) was 26.0°C and consistent with the thermal range of the dwarf

sperm whale (10°C- 30°C; www.obis.org).

DISCUSSION

Cetaceans include many threatened and difficult-to-study species for which eDNA is expected be a
highly effective approach. Despite extensive efforts conducted over the span of 30 years, there are many
gaps in the distribution records of those species (Fig. 1). Environmental DNA metabarcoding can provide
additional detections without visual observations (Boussarie et al., 2018). The two species K. breviceps
and K. sima are very similar and very difficult to separate in the field leaving uncertain identifications in
sighting records (Palacios et al., 2012). In contrast, environmental DNA can detect and identify

accurately the species, avoiding observer related errors in records.
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Table 1. Observation of Kogia sima et Kogia sp. in the Colombian Pacific. *confusing record assumed to
be Kogia sima by Wade and Gerrodette, 1993.

Location
Species Author
Lat Long Geographical reference

Kogia sp. 3.291776° -83.653121° 230 km WSW of Malpelo Wade and Gerrodette,

Island 1993; Palacios et al.,
2012
Kogia sp.*  4.339118° -82.159164° Near Malpelo Island Wade and Gerrodette,
1993; Palacios et al.,
2012
Kogia sima  5.359326° -79.247856° 225 km W off Cabo Mufioz-Hincapie et al.,
Corrientes 1998

Kogia sima  6.753827° -77.721361° Near shore Cabo Marzo Palacios et al., 2012

Kogia sima 5.432542° -77.647060° Near shore Cabo Corrientes Vidal, 1990; Wade and
Gerrodette, 1993;
Mufioz-Hincapie et al.,
1998; Palacios et al.,
2012

Kogia sima  4.008406° -77.770061° Off Bahia Mdlaga Vidal, 1990; Wade and
Gerrodette, 1993;
Mufioz-Hincapie et al.,
1998; Palacios et al.,
2012

Kogia sima 3.713174° -78.013709° Off Bahia Malaga Vidal, 1990; Wade and
Gerrodette, 1993;
Mufioz-Hincapie et al.,
1998; Palacios et al.,
2012

Kogia sima  2.650000° -78.360000° Stranded animal between Mufioz-Hincapie et al.,
the communities of La Vigia 1998
and Mulatos
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These results highlight the promises of eDNA as an alternative to standard monitoring methods for
cetaceans, without requiring a close approach of a vessel. For example, Baker et al. (2018) show that
eDNA of killer whales has been detected in seawater samples taken up to several hours after their
passage and despite marine current circulation. Given its greater sensitivity and the fact that samples
can be obtained from a wide variety of platforms (Harrison et al., 2019), eDNA has the potential to
rapidly fill data gaps for cetaceans. Studies using this census method are usually limited by the
completeness of genetic databases to taxonomically assign the retrieved sequences (Marques et al.,
2020). However, strandings of cetaceans along the shores provide a valuable source of genetic material
that can be sequenced on eDNA genetic markers to complete reference databases and investigate
within species genetic diversity.

Opportunistic detections or targeted sampling in hotspots (e.g. Letessier et al., 2019) are expected to
provide valuable new information on the occurrence of uncommon marine vertebrates and better
define conservation plans. Malpelo island harbors a wide diversity of marine predators and presents all
the characteristics of the last refuges for marine megafauna (Letessier et al., 2019). Thus, it deserves to
be a priority for conservation and be placed under appropriate protection from human activities. Marine
megafauna plays unique and irreplaceable functional roles in the ocean ecosystem such as the
regulation of prey populations, removal of diseased individuals, transport of nutrients between habitats
and over vast distances, and protection of blue carbon stocks (Higgs et al., 2014; Atwood et al., 2015;
Estes et al., 2016).

Environmental DNA is a method that is easily applicable in the field and can benefit from the thousands
of marine sampling operations that can take place regularly around the globe. These novel detections
through eDNA will be crucial for Data Deficient species that can include a large proportion of threatened
species (Bland et al., 2014; Parson 2016). Building on existing sampling efforts, filling reference database
gaps and developing a large-scale observatory network using environmental DNA from water collected

in oceanic missions would contribute to a broader knowledge on those rare but emblematic animals.
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Abstract

Biodiversity is declining globally as a result of combined direct human exploitation and climate change.
Monitoring of animal biodiversity conventionally relies on taxonomic identification from direct
observations or trapping, which represents a challenging effort in very species-rich tropical ecosystems.
Estuaries are characterized by a tidal regime and are strongly influenced by hydrodynamics and
sedimentary flows. They host much contrasted and highly dynamic habitats, from freshwater, brackish
or saltwater to terrestrial, which are especially difficult to monitor. Here, we investigated the potential
of environmental DNA (eDNA) metabarcoding, with three different primers targeting different regions
of the mitochondrial DNA 12S ribosomal RNA gene, to detect vertebrate diversity in the estuary of the
Don Diego River in the Sierra Nevada de Santa Marta in Colombia. We show that eDNA recovers not
only aquatic organisms including fishes, amphibians and reptiles, but also a large diversity of terrestrial,
arboricole and flying vertebrates including mammals and  birds  living in the estuary surroundings.
We further show that the eDNA signal remains relatively localized along the watercourse. A transect
from the deep outer section of the estuary, across the river mouth toward the inner section of the river,
showed a marked taxonomic turnover from typical marine to freshwater fishes, while eDNA of
terrestrial and arboricolous species was mainly found in the inner section of the estuary. Together, our
results indicate that eDNA allows detecting a large diversity of vertebrates and can become an
important tool for biodiversity monitoring in estuaries, where water integrates information across the

entire ecosystem.

Keywords: Biodiversity, Caribbean Sea, environmental DNA, biomonitoring, Vertebrates, tropical

ecosystems.
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1. INTRODUCTION

Biodiversity is declining globally due to a combination of global changes including human exploitation
and climate warming (Diaz et al., 2019). Monitoring species diversity and composition in space and time
is the cornerstone to document biodiversity erosion and identify where conservation measures must be
applied (e.g. Dixon et al., 2019; Blowes et al., 2019). Monitoring plant and animal diversity is
conventionally based on visual methods. Besides being invasive, expensive, and highly dependent on a
declining taxonomic expertise which are generally in decline (Paknia et al., 2015), conventional
biodiversity surveys have shortcomings in the detection of discrete, elusive or cryptic species. A
shortage of taxonomic skills, and time consuming monitoring programs cause limited biodiversity
information for conservationists (Mace, 2004), while a solid scientific documentation of biodiversity loss
is necessary to trigger conservation? action. The problem is accentuated in lower-income countries,
which are paradoxically usually rich in biodiversity (Collen et al., 2008; Barlow et al., 2018). In tropical
ecosystems, the complex structure and diversity of ecosystems are often summarized through a few
indicator species, which might provide only a partial ecosystem health assessment (Hilty &
Merenlender, 2000; Miller & Geist, 2016). The limited systematic biodiversity sampling and resampling
time series precludes the detection of phase shifts (Folke et al., 2004), so that usually slow biodiversity
erosion can remain detected (Potapov et al., 2017). Information gaps on negative biodiversity trends
limit support in favour of appropriate action to prevent further declines (Dornelas et al., 2013). We thus
need to reinforce our capacity of monitoring long term changes in species diversity and composition in

complex tropical ecosystems (Schmeller et al., 2017; Barlow et al., 2018).

Environmental DNA (eDNA) metabarcoding can retrieve and sequence species DNA from the
environment (water, soil, sediment) and does not require any visual observation of the target species.
Monitoring a wide array of organisms (Deiner et al., 2017; Taberlet et al., 2012) with a single method
could provide a simplified ecosystem-wide quantification of biodiversity. Species leave DNA footprints
via faeces, urine and epidermal cells in the environment detectable during a limited period of time in
aquatic ecosystems (Dejean et al., 2011) which, after amplification and sequencing, can be processed
into species composition information (Deiner et al., 2017). The biodiversity signal retrieved from an
eDNA sample could be trans-kingdom (Stat et al., 2017), as multiple primers can be developed
specifically to target taxonomic groups of interest, from microorganisms (Gilbert et al., 2012; Pellissier
et al., 2014) to very large vertebrates (Boussarie et al., 2018; Stat et al. 2017; Djurhuus et al., 2020).
Combined with high-throughput sequencing, environmental DNA metabarcoding allows large-scale and
multi-taxa surveys from material that is fast to collect in the field. Hence, eDNA method is non-invasive,

demonstrates higher detection capabilities and cost-effectiveness compared to traditional methods for
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environmental monitoring and biodiversity assessments (e.g. Dejean et al., 2012; Valentini et al., 2016;
Taberlet et al., 2018). Recent aquatic applications demonstrate its potential to assess freshwater (e.g.
Valentini et al., 2016; Pont et al., 2018) and marine species composition (e.g. West et al., 2020; Polanco
et al., in review), indicating that filtering water might be particularly efficient to monitor animal eDNA.
Moreover, water can transport eDNA from both aquatic and terrestrial organisms and thus integrate
information across several ecosystems (Deiner et al., 2017). For example, Sales et al. (2020) compared
eDNA with camera traps and found that terrestrial mammals recorded with cameras were also detected
in eDNA. The signal of terrestrial mammals may be weaker and less stable than for aquatic organisms
(Harper et al., 2019), but remains sufficient for ecosystem monitoring. Water eDNA metabarcoding
could allow large-scale, multi-species monitoring of an entire ecosystem, especially those that are

difficult to sample using traditional methods (Beng & Corlett, 2020).

Ecotones represent an interface between multiple contiguous habitats, where neighboring species
occupancy generates high levels of biodiversity (Smith et al.,, 1997). These complex habitats are
particularly difficult to monitor using traditional methods, but need to receive particular attention due
to their important ecosystem functions (Basset et al., 2013). Estuaries are critical transition zones
between land, wetlands, freshwater habitats, and the sea and host a very diverse biodiversity of both
terrestrial and aquatic species (Lachavanne et al., 1997; Levin et al., 2001). Estuaries contain a variety
of both immerged and emerged habitats with clines in salinity associated with sharp species
compositional turnover (Reizopoulou et al., 2014). Assessing the status of biodiversity in such a dynamic
environment is difficult because each habitat generally requires different types of taxonomic sampling
or indicator organisms. Moreover, sampling aquatic organisms in brackish water using traditional
methods can be especially challenging due to low visibility. Hence, eDNA metabarcoding could be
particularly efficient to measure biodiversity in those interface aquatic systems and even more if it
integrates the detection of both aquatic and terrestrial organisms (Sales et al., 2020). Estuaries also
serve as vital nurseries for many marine species. Amphihaline or migratory species pass through
estuaries (e.g., Beck et al., 2001). Estuaries attract terrestrial animals for a variety of reasons, including
feeding or drinking water (Greenberg, 2012) and are critical transition zones of water fluxes from
terrestrial to aquatic ecosystems (Wall et al., 2001). As a result of the direct animal contact with water
or the indirect fluxes of water, the terrestrial animal DNA could be transferred in the water and the
signal of their presence should be recovered using eDNA (Harper et al., 2019). So far, there is only a
limited number of studies that investigated the signal of terrestrial vertebrates in aquatic environments
(Leempoel et al., 2020, Sales et al., 2020) and few have investigated an entire estuary (but see Stoeckle

et al., 2017), including the signal of both terrestrial and aquatic animals.
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Here, we assessed the biodiversity in the estuary of the Don Diego River and its adjacent marine waters
in the Natural National Park Sierra Nevada de Santa Marta in Colombia using eDNA metabarcoding. The
terrestrial habitat along the Don Diego river is a protected area expected to host many vertebrate
species (Jiménez-Alvarado et al., 2015) including mammals (Alberico et al., 2000; Torné-Salas, 2013;
Pineda-Guerrero et al., 2015), birds (Strewe & Navarro, 2003; 2004), reptiles and amphibians (Ruthven
& Carriker, 1922; Pérez-Gonzales et al., 2016), while the river should contain a large set of freshwater
species including some endemic ones, as sampled in previous visual monitoring (Villa-Navarro et al.,
2016). In contrast, the marine habitats and species composition in front of the Don Diego River are less
known, due to turbid waters and open coast, which limits the knowledge to fisheries catches (Rueda et
al., 2011). eDNA metabarcoding can reveal the biodiversity of a wide range of vertebrate clades using
either general or clade specific primers, and is becoming an established tool to monitor diversity for
conservation (Bohmann et al., 2014). In this study, we investigated the capacity of eDNA metabarcoding
applied on the freshwater and marine waters to provide an integrative measure of estuarine biodiversity
using three primers targeting all vertebrates, bony fishes and chondrichthyes. We collected and filtered
18 water samples of 30L along a transect from the marine part of the estuary, the shallow brackish
waters of the river mouth, and into the freshwater environments surrounded by tropical dry forests.

We asked the following questions:

1) Does a multimarker eDNA metabarcoding survey discriminate biodiversity (taxa composition)

between connected, but ecologically dissimilar habitats across a tropical estuary?

2) Does eDNA metabarcoding applied to aquatic samples not only detect aquatic species, but also

further integrate the signal of terrestrial and arboricolous species surrounding the river?

3) Does eDNA metabarcoding highlight higher connectivity between pairs of habitat, especially

between downstream and upstream or between marine and bra